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ABSTRACT

For Sweden, a country with one of the most developed district heating sectors in the world, the 
continued decarbonisation of central heat supplies and the contemporary development towards 
lower heat distribution temperatures is generating increased interest in large-scale seasonal 
thermal energy storage technologies. By virtue, not only of energy storage, but also of load 
shifting and peak shaving capabilities, seasonal storages are recognised today as key components 
in highly integrated and smart energy systems but have so far seen very limited application in 
Sweden. Given that Denmark, neighbour to Sweden and with a district heating development on 
par, is a world-leader in the application of pit thermal energy storages (PTES), this paper aims to 
initiate investigations into the possibilities for a similar application in Sweden. A spatial analysis 
sequence, akin to indicator modelling, identifies suitable areas for the construction of PTES by 
elimination of non-suitable areas based on a set of input data parameters and associated selection 
criteria, all within cost-effective heat transmission distances of aggregated district heating areas. 
The national potential in terms of available suitable land, expressed and discussed here by two 
model extremes scenarios, is generally high, but with local variations and with a characteristic 
latitudinal difference.

1.	 Introduction

Large-scale seasonal thermal energy storages are rec-
ognised today as essential and cost-effective system 
components in district heating systems (DHS) aiming to 
integrate higher shares of renewable and low-enthalpy 
energy sources [1-6]. Pit thermal energy storages (PTES) 
in particular [7, 8], often in combination with solar ther-
mal heat production, have found vivid and remarkable 
Danish application over the last decades [9-11], but very 
limited use in Sweden. Although Sweden, in parallel, 
has been able to significantly decarbonise central heat 
supplies, mainly by using bioenergy, waste, and indus-
trial heat recovery [12], expected sharper competition 
over biomass in the foreseeable future may very well 
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alter current availabilities. In view of this and given the 
great developments in neighbouring Denmark, it is not 
unreasonable to wonder if a similar application would be 
possible also in Sweden?

This was the outset for the project “Solar district heat-
ing with pit storage for Swedish conditions”, which ended 
in February 2025 after 26 months of operation and whose 
progress has been documented in two previous papers 
[13, 14] and one final project report [15]. For this paper, 
the final account, exclusive attention is focused on the pit 
storage aspect, which consists of a geographical study 
with spatial analysis and criteria screening, akin to indica-
tor modelling. In this sense, this work relates to sustain-
able energy planning and management in particular [16, 
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local feasibility studies (Concerning study limitations, 
see further section 5.3 below). The value of interest here 
is overall orientation and initial understanding, much 
like starting from a blank paper and finding its margins 
and edges.

2.	Background and study preparations

Study preparations included an updated database on 
Swedish DHS, described further in [13]. The update 
produced two main outputs: (1) a tabular list of all 
known DHS currently in operation (the database), and 
(2) a geographical representation of district heating 
areas (DHA), depicting the anticipated spatial distri-
bution of these systems.  In addition, a heat transmis-
sion transfer distance, used for the lineation of 
analytical boundaries, was defined during these 
preparations.

2.1	 Updated database on Swedish DHS
Swedish data in the original Halmstad University 
District Heating and Cooling database, version 5 
(HUDHC_v5) [23], listed 386 unique Swedish DHS, 
372 with heat data, summing up a total annual district 
heat delivery volume (Qs) of 47.1 TWh/a, see Table 1. 
The data was mainly based on 2015 records published 
by former Svensk Fjärrvärme, now managed by 
Swedenergy [24], and complemented with technical 
data from the Swedish Energy Market Inspectorate 
[25]. For the update, two new datasets were used, one 
public [26] and one internal [27], the latter used as 
reference only.

The tabular list output counts 547 DHS believed to be 
in operation, with an additional 17 systems identified 
but omitted since no recent operational data could be 
found. The annual sum of 2016 to 2021 average heat 
deliveries from all systems was found at 52.7 TWh/a, 
and, as such, the list consists of 27 fields mainly refer-
ring to various ID-numbers, names, coordinates, popula-
tions, and delivered heat.

17], by method developments within the area of so-called 
continental mapping using publicly available data, as well 
as to the progression of smart energy systems in general 
[18, 19], by new findings concerning Swedish opportuni-
ties for large-scale PTES. 

Given this focus and the current void of similar stud-
ies, the entire area of investigation represents something 
of a research gap, at least concerning the Swedish con-
text. One recent report, Sköldberg et al. [20], investi-
gated possible seasonal storage solutions for six Swedish 
district heating (DH) type systems. The study aimed at 
determining at what storage size, relative to annual dis-
trict heat loads, the cost-benefit would be the greatest 
(suggesting 10% as most prevalent). The Swedish 
Energy Agency published a study on the Swedish solar 
thermal potential in 2021 [21], precursive to the project, 
confirming the sensitive interdependency with biomass 
prices and stating potentials up to 6.0 TWh/a depending 
on assumptions. However, none of these works took the 
spatial domain into consideration. While not limited to 
Sweden, a 2018 IEA SHC Task 52 report [22] did use a 
kindred spatial screening approach but with focus on 
land availabilities for solar collector fields, not for pit 
storages.

Thus, ploughing into new territory, the aim of this study 
is to evaluate the viability of a preliminary geographical 
investigation (first-order assessment) of suitable locations 
for large-scale PTES in vicinity of Swedish DHS and, if 
so, to answers the following research questions:

1.	 Is it possible to perform a first-order assessment 
of suitable land available for large-scale PTES in 
Sweden based on publicly available data?

2.	 What is the spatio-technical potential in terms of 
available suitable land for PTES within cost-
effective heat transmission distances from 
Swedish DHS?

3.	 Are there any characteristic differences across 
the national territory concerning these potentials?

Considering this aim, the study results can be of 
generic nature only and should not replace dedicated 

Table 1. Datasets for an updated database on Swedish DHS.

Dataset Nr [n] Match to original reference Qs  [TWh/a] Heat deliveries time reference Ref.
Original ref.  (HUDHC_v5) 386 - 47.1 2015 [23]
Public dataset (EMI) 486 379 51 Avg. 2016–2021 [26]
Internal dataset (Swedenergy) 520 386 51.5 Avg. 1996–2021 [27]
Updated database (Tabular list) 547 386 52.7 Avg. 2016-2021 [13]
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2.2	 Geographical representation of district heating 
areas

A first geographical dataset with modelled Swedish DHA 
was developed in the sEEnergies project [28] and pub-
lished in February 2020 under the name “D5.1 District 
Heating Areas” [29]. This dataset was rendered for all 
EU27 member states plus the United Kingdom based on 
point source location data in the original HUDHC_v5 
database [23]. By access to the updated tabular list, the 
current project provided the occasion, on a Swedish case-
study-basis one might say, to update (and improve) also 
the principal rendering methodology from the sEEner-
gies project, documented in [30], which itself was estab-
lished in part on approaches and data developed in the 
preceding Heat Roadmap Europe project [31-33].

The motive for modelling of DHA was, firstly, to have 
an understanding of network distributions and sizes, 
especially since the character of storage connections 
(central/decentral) typically depends on available pipe 
diameters and distances to distribution network pressur-
ization installations. While DHS operators naturally keep 

maps of their networks, these are seldom publicly avail-
able which makes modelling a requirement for generic 
studies. Secondly, geographical representations were 
needed also for the lineation of analytical boundaries.

The rendering process utilised and combined satellite 
imagery (share of built-up area per hectare from the 
European Settlement Map (ESM) [34, 35]), energy sta-
tistics (heat demand for residential and service sector 
buildings), and the tabular list (locations of DHS), see 
Figure 1. As an intermediate output, “urban areas”, were 
derived by subjecting ESM raster-grid cells to require-
ments, for example, removal of parts smaller than four 
hectares and a coherency requirement of nine hectares. 
For Sweden, a total of 11,240 urban areas were rendered 
and attributed location names through the GeoNames 
dataset [36].

As reference, a national heat demand for space heat-
ing and domestic hot water preparation was found at 
78.9 TWh/a, based on energy statistics for 2015 [37] and 
generic conversion efficiencies, including electricity 
shares, according to the Stratego approach [38]. This 

Figure 1. Rendering process of DHA (left) based on residential and service sector heat demand densities (centre), in turn based partly on 
underlying satellite imagery quantifying the relative share of built-up areas (right), exemplified for the district heating system point-source 

location (xy) in the city of Enköping (named thereafter in the database).
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reference was compared to the original 2015 Heat 
Roadmap Europe raster dataset  (81.1 TWh/a) [32, 33, 
39] and the corresponding 2015 baseline raster dataset 
from the sEEnergies project (78.1 TWh/a) [40], both of 
which were associated with certain imperfections (fur-
ther described in [13]). On this basis, a new Swedish 
heat demand density raster was calculated as the arith-
metic average of each grid cell from the above two data-
sets, totaling at 79.7 TWh/a.

To render DHA, the annual heat delivery volume (Qs 
= 52.7 TWh/a), see Table 1, was distributed consecu-
tively over all raster cells, starting at the cell with the 
highest value (23,590 GJ/ha), down to the point where 
the accumulated distribution sum matched this total 
volume. Unelaborated, this occurred at 394 GJ/ha. 
However, given that this density level was higher than 
that of several rural DHA candidates, an elaborated 
threshold level at 200 GJ/ha was used to incorporate as 
many as possible of these smaller systems. The idea 
behind this mode of distribution was that DHS have 
been built where economic feasibility is at its highest, 
which not necessarily is the case in a country like 
Sweden where additional preferences, other than pure 
economic viability, may have influenced system invest-
ment decisions.

2.3	 Boundary layer by heat transmission threshold 
distance

The final preparatory step involved the creation of a 
boundary layer, i.e. delineation of analytical boundaries 
since only locations within cost-effective heat transmis-
sion distances from DHA needed to be investigated. For 
this purpose, DHA borders were used as origin from 
which so-called “dynamic boundary buffers” were 
extended according to a derived expression which 
relates such a desired heat transmission threshold dis-
tance, Lthreshold [m], to a unit cost of heat transmission, 
Cunit (50 SEK/MWh in this case), as presented in Eq. (1):

	 L C
P

z P Z Pthreshold unit w w� �
�

� � � � � � � �
max

max max
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Where P
max

 is the maximal heat capacity for transmission 
[MW], τ is the hours of operation [h] (8760 for seasonal 
storage), λ is the intercept of an associated heat cost 
function [SEK/m], σ  the corresponding slope of this 
function [SEK/m2], and where z and w are coefficient 
and exponent respectively for an associated expression 

for optimum diameter, D, and where � �and  are coeffi-
cients in an associated expression for total heat transmis-
sion cost. A detailed description of this derivation is 
provided as supplementary material.

By application of Eq. (1), where the product P
max

�� 
was set to correspond to the annual heat delivery volume 
(Qs) of each DHS, at an anticipated solar fraction of 
80%, a dynamic boundary layer covering approximately 
39.7 thousand sqkm was created (8.8% of the total 
Swedish land are), see Figure 2.

3.	Datasets for spatial analysis

This section describes the input data and the associated 
screening process. A complementary account may also 
be found in [14].

3.1	 Input datasets
Early project activities involved discussions and consul-
tancy to determine what input data to include. Several 
decisive geological parameters were considered, such as 
soil depth and soil type, given that PTES are constructed 
by the excavation of soil where a substantial part of the 
storage volume (the pit) is located below the soil surface. 
Additionally, the slope of the land and the character of 
available land areas were recognised as important factors. 
Several additional parameters were also considered, for 
example ballast production sites (where existing excava-
tions potentially could be used), central heat production 
sources (additional heat to perhaps be stored), as well as 
ground water levels (a critical factor for PTES construc-
tion). Eventually, four input datasets, see Table 2, were 
selected and prepared for further analysis.

3.1.1 Elevation
The original elevation data (input dataset 1 in Table 2) from 
Lantmäteriet, the mapping, cadastral and land registration 
authority in Sweden [41], was initially accessed as 76 sep-
arate raster files (tiles covering parts of the country), which 
were merged into one consistent national elevation raster 
catalogue and subsequently delineated by means of the 
boundary layer (as were all input datasets). See also [42].

3.1.2 Soil depth
The second input dataset, soil depth, was accessed as 
part of the “soil depth model” (“Jorddjupsmodell”), 
developed by the Swedish Geological Survey (SGU) 
[44]. The soil depth input dataset is an interpolation 



International Journal of Sustainable Energy Planning and Management Vol. 47 2025	 25

Urban Persson, Fredric Ottermo, Luis Sánchez-García, Puneet Saini, Chris Bales

based among other on the analysis of soil depth informa-
tion from well drilling, exploration drilling, mapping 
observations, and seismic surveys etc. See also [43].

3.1.3 Soil type
The ground layer JG2 from the SGU soil type dataset 
[46], provides a comprehensive picture of the distribu-
tion of soil types in or near the soil surface. The layer 
refers to the type of soil that can normally be expected 
at mapping depth, i.e. about 0.5 m below ground surface, 

with estimated thickness well exceeding 0.5 meters. In 
all, the dataset entails 91 detailed soil type classes (JG2) 
aggregated into 13 main classes (JBAS), see also [45].

Noteworthy, the JG2 layer suffers from a marginal lack 
of coverage in some northern areas but, given the scarcity 
of DHS in these areas (21 affected DHA,  
12 completely, 9 marginally), this was considered of lesser 
significance for the national results. SGU also assembles 
data on deeper, underlying soil layers (JD3), but due to 
limited and random coverage, this was not used. 

Figure 2. Dynamic boundary buffers drawn around modelled DHA and DHS point-source locations (xy) in the South-Western Skåne region, 
at left, and for the nation at right.

Table 2. Input datasets for the screening process.

Input dataset Name/Description Geometry Sources

1
Elevation Raster (50x50m) [41, 42]
Meters above sea level

2
Soil depth Raster (10x10m) [43, 44]
Meters below ground level

3
Soil type Feature class layer (Polygon) [45, 46]
Swedish soil types in SGU ground layer JG2

4
Land use Feature class layer (Polygon) [47]
Interpreted satellite imagery annotated by land use classes.
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In Table 3, the characteristics of two selected soil type 
input datasets are presented by reference to JBAS and 
JG2 classification, where the corresponding two screen-
ings represent a conservative (former) and a more pro-
gressive (latter) criteria selection.

3.1.4 Land use
The source for input dataset 4 in Table 2 was the Corine 
Land Cover (CLC) dataset made available by the European 
Environment Agency, here referring to Version 20 
(V20u1), which represents final and corrected CLC2018 
data [47]. The CLC inventory aims to standardize data 
collection on land in Europe in the support of environ-
mental policy development and follows a 6-year update 
cycle [48]. The dataset relies on satellite imagery (Sentinel 
2 and Landsat 8) which, by means of photo-interpreta-
tions, image processing, cartographic generalisations etc., 
facilitates the identification of different land uses, such as 
for example built-up areas (residential, commercial, 
industrial etc.), agricultural areas, forest lands, and several 

others. In fact, the CLC dataset employs a categorisation 
of 44 different land use classes (Label 3 level), divided 
into five main Label 1 categories.

Table 4 presents the characteristics of two selected 
land use input datasets by reference to Label 1 and Label 
3 classification, where the corresponding two screenings 
represent a conservative (former) and a more progres-
sive (latter) criteria selection.

3.2	 Screening datasets by criteria selection
The analytical sequence outlined in Table 5 was delib-
erately arranged so as to begin with datasets with no 
screening alternatives. This logic was motivated by 
the principle to postpone, as far as possible, the intro-
duction of parallel routes through the model. Hereby, 
the first and second screening datasets were assigned 
front positions since they involve only a single thresh-
old value each. Consequently, the third and fourth 
screening datasets, both of which employ two screen-
ing alternatives each, were accordingly located at the 

Table 3. Soil type classification by aggregated class (JBAS) and detailed class (JG2), with indication of qualification for the 1st and 2nd 
screening.

JBAS Name JG2 classes [n] JG2 Code Screening 1 Screening 2

Bedrock 8 82, 823, 849, 850, 
888, 890, 8950, 9950 Excluded Same

Filling 2 200, 322 Included Same
Gravel 3 33, 62, 8803 Included Same
Glacial river sediments 4 50, 51, 55, 57 Included Same

Clay 9 17, 19, 22, 40, 43, 44, 
85, 86, 8186

Excluded All excluded except “Postglacial coarse 
clay” (22) and “Glacial coarse clay” (44)

Till (Moraine) 4 93, 95, 97, 100 Included Same

Moraine clay 5 98, 99, 101, 9792, 
9794

All included except 
“Moraine fine clay” (99) Included

Organic soil 7 1, 5, 6, 16, 75, 2306, 
8175 Excluded Same

Sand 7 10, 13, 21, 28, 31, 
8804, 8809 Included Same

Silt 11
9, 24, 39, 48, 79, 
8802, 8806, 8919, 
8937, 9010, 9060

Excluded

All excluded except “Postglacial coarse 
silt-fine sand” (79), “River sediments, 
coarse silt-fine sand” (8802), and “Flood 
sediments, coarse silt-fine sand” (9010)

Stone blocks 5 34, 66, 81, 92, 8814 Excluded All excluded except “River sediments, 
stone blocks” (8814)

Water bodies 1 91 Excluded Same

Other 7 36, 90, 1950, 2368, 
2372, 8114, 9147

All excluded except 
“Moraine alternating 
with sorted sediments” 
(9147)

Same
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end of the sequence. This latter elaboration of alterna-
tive screenings served the general purpose of intro-
ducing sensitivities with respect to the effect of 
including coarser clay and silt soil type fractions, on 

the one hand, and forest and artificial land areas on 
the other hand.

As can be seen in Table 5, a total of six screening 
datasets were prepared for spatial analysis by means of 

Table 5. Screening datasets created by application of criteria on used input datasets.

Screening 
datasets Name/Description Count Geometry

1
Required slope 1 Raster (50x50m)

Converted to dissolved polygon
Criteria: Cells with slopes larger than 15% excluded.
Description: Slope calculated for each grid cell as percent rise relative to surrounding cells.

2
Required soil depth 1 Raster (10x10m)

Converted to dissolved polygon
Criteria: Cells with soil depth less than 10 meters excluded.
Description: Soil depth statically defined by one default value as a minimum requirement.

3

Required soil types 2 Feature class layer (Polygon)
Dissolved

Criteria:
Screening 1: Exclusion of clay and silt in all forms (as well as rock, water and organic soils).
Screening 2:, Same as screening 1 but with partial inclusion of clay and silt (courser fractions).
Description: See Table 3.

4

Available areas 2 Feature class layer (Polygon)
Dissolved

Criteria:
Screening 1: Only agricultural and semi natural areas.
Screening 2: Same as screening 1 but with the addition of forest areas and some artificial surfaces (e.g. industrial and 
commercial areas, airports, port areas, road and rail networks and associated land etc.).
Description: See Table 4.

Table 4. Corine Land Cover land use classification by Label 1 and Label 3 classes, with indication of qualification for the 1st and 2nd 
screening.

Label 1 Name Label 3 
classes [n] Label 3 Code Screening 1 Screening 2

Artificial surfaces 11
111, 112, 121, 122, 
123, 124, 131, 132, 

133, 141, 142
Excluded

All included except “Continuous urban 
fabric” (111) and “Discontinuous urban 
fabric” (112)

Agricultural areas 11
211, 212, 213, 221, 
222, 223, 231, 241, 

242, 243, 244

All included expect “Vineyards” 
(221), “Fruit trees and berry 
plantations” (222), and “Olive 
groves” (223)

Same

Forest and semi 
natural areas 12

311, 312, 313, 321, 
322, 323, 324, 331, 
332, 333, 334, 335

Exclusion of “Broad-leaved 
Forest” (311), “Coniferous Forest” 
(312), and “Mixed Forest” (313). 
All other classes included except 
“Bare rocks” (332) and “Glaciers 
and perpetual snow” (335)

Inclusion of “Broad-leaved Forest” (311), 
“Coniferous Forest” (312), and “Mixed 
Forest” (313). All other classes included 
except “Bare rocks” (332) and “Glaciers 
and perpetual snow” (335)

Wetlands 5 411, 412, 421, 422, 
423 Excluded Same

Water bodies 5 511, 512, 521, 522, 
523 Excluded Same



28	 International Journal of Sustainable Energy Planning and Management Vol. 47 2025

National spatio-technical potential for PTES in Sweden: A first-order assessment by criteria screening

criteria selection, where applied threshold values and 
attribute filters all were based on project consultancy 
recommendations and literature reviews [15].

4.	Spatial analysis

The spatial analysis was performed in a GIS 
(Geographical Information System) [49], and the 
resulting suitable land areas were identified by sequen-
tial elimination of unsuitable areas. Hereby, the result 
datasets were created in sequence so that every new 
result layer included the results from the previous layer 
and so on.

4.1	 Screening process and result datasets
As shown in Table 6, the screening process generated 
four levels of result datasets, where the four datasets at 
the fourth level, result datasets 4.1 to 4.4, depicts suitable 
land area candidates that meet the particular require-
ments under each respective criteria screening combina-
tion. If, at the end of the process, no suitable land area 
candidates are found, the conclusion would be that no 
(spatio-technical) potential for PTES exists. If, on the 
other hand, suitable land area candidates are found, this 
would mean that a potential indeed could be present. 

4.2	 Post-treatment procedure
Result datasets 4.1. to 4.4 were subjected to a post-treat-
ment procedure, integrated into the GIS model, to iden-
tify and remove rendered suitable area candidates whose 
shape or size would not allow the construction of PTES 
according to predetermined project boundary condi-
tions, e.g. a minimum required total PTES land area of 
15,000 m2, at square or slightly rectangular surface 
design, and a minimum storage volume of 50,000 m3, 
both based on Danish practice and experience (see e.g. 
ref. [11]), 

For this end, the concept of roundness, Rd [-], see Eq. 
(2), was suggested to define a quantity by which to 
determine whether a suitable area candidate of a given 
shape and size in fact could host a pit storage of the pre-
conceived size and form. The definition of roundness is 
the ratio of a polygon area (area of the suitable area 
candidate) to the one of a circle with the same circum-
ference as the considered polygon:

	 R A
Cd �
4

2

� 	 (2)

where A and C are the area and the circumference of the 
polygon in question. To qualify and be sufficiently large 
according to project boundary conditions, a suitable area 

Table 6. Result datasets from the screening process.

Result 
datasets Name/Description Count Geometry

1
Flat land 1 Feature class layer (Polygon)

Description: Same as screening dataset 1 (dissolved polygon), areas with required slope.

2
Deep soil and flat land 1 Feature class layer (Polygon)

Description: One dissolved polygon layer outlining areas with required soil depth and required slope.

3

Apt deep soil and flat land 2 Feature class layer (Polygon)

Description: Each dataset is a dissolved polygon layer outlining areas with required soil depth, required slope, and required 
soil type (by one of two screenings):
3.1: Required soil type, screening 1.
3.2: Required soil type, screening 2.

4

Suitable area candidates 4 Feature class layer (Polygon)

Description: Each dataset is a dissolved polygon layer outlining areas with required soil depth, required slope, required soil 
type (by one of two screenings) and available areas (by one of two screenings):
4.1: Required soil type, screening 1, and available areas, screening 1.
4.2: Required soil type, screening 2, and available areas, screening 1.
4.3: Required soil type, screening 1, and available areas, screening 2.
4.4: Required soil type, screening 2, and available areas, screening 2.
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candidate would have to be larger or equal in size than 
that of the quota presented in Eq. (3): 

	 Suitablearea m
m

Rsufficient
d

2

2

2

15 000
�� �� ��

�� ��,

	 (3)

By this definition, perfectly square-shaped candidate 
polygons with areas close to 15,000 m2 will in fact have 
been rejected, which is not optimal. However, the defi-
nition used guarantees that any unsuitably shaped poly-
gons with areas close to 15,000 m2, i.e. extremely thin, 
narrow, or irregular by any other measure, will not be 
accepted. At this stage, the latter effect was considered 
most important.

5.	Results

The results presented in this section are all based on the 
data, approaches, and assumptions, described above. In 
terms of data types, the study outputs, created and avail-
able as geographical feature class layers, are here pre-
sented in exported tabular form and illustrated in a few 
map images. At current, the possibility of public result 

sharing, e.g. an online web-map service, is not a project 
priority.

5.1	 Aggregated district heating areas
The new database on Swedish DHS distinguishes 
between three principal summation levels: the DHS 
level; the DHA level; and the aggregated district heat-
ing area (DHA*) level. The latter of these, indicated by 
asterisk annotation in the level abbreviation as well as 
in the naming of aggregations with more than one 
DHA, as illustrated in Figure 3 for the larger metropol-
itan areas of Gothenburg and Stockholm respectively, 
was added to facilitate final summation of national 
potentials without risk of double-counting due to over-
lapping DHA.

According to Table 7, the third summation level counts 
356 DHA* (of which 28 with more than one DHA), the 
second 464 DHA, and the first 476 DHS, why it may be 
concluded that 71 out of the 547 tabular list DHS total were 
omitted in the aggregation. Typically, this omission resulted 
from no DHA rendering at a system location (too low heat 
demand densities) or system point source locations outside 
of rendered DHA (spatial mismatch). However, given the 

Figure 3. Three principal summation levels in the new database on Swedish DHS, exemplified for the larger Gothenburg area (at left) and the 
larger Stockholm area (at right), with count of DHS and DHA per DHA*.
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51.9 TWh/a heat delivery volume representative of the 
aggregate, compared to the 52.7 TWh/a tabular list total, 
omitted systems are generally small (~800 GWh total).

From Table 7, it may be seen that the effect of aggrega-
tion is more profound in regions which host larger city 
areas, relative to regions with a more rural character. For 
example, in Jämtlands län and Hallands län, no aggrega-
tion occurs at all (18 DHA* and 18 DHA, 9 DHA* and 9 
DHA, respectively), whereas in Stockholms län, 34 DHA 
(47 unique DHS) are reduced to three aggregated district 
heating areas.

5.2	 Suitable areas for PTES by scenarios
The four final results datasets are in the following syn-
onymously labelled and referred to as four project sce-
narios, where sensitivities introduced in the third and 
fourth screening datasets result in:
•	 Scenario 1: All conservative
•	 Scenario 2: Progressive soil type, conservative 

land use
•	 Scenario 3: Conservative soil type, progressive 

land use
•	 Scenario 4: All progressive.

Table 7. Total count, land area, population, and associated annual district heat deliveries, of aggregated district heating areas (DHA*), with 
count of DHA and DHS within them, by NUTS2 and NUTS3 administrative units.

NUTS2/NUTS3 DHA* [n] DHA [n] DHS [n] DHA* [sqkm] Pop. [kn] Qs [GWh/a]
Mellersta Norrland 36 40 41 2,257 248 2,226
Jämtlands län 18 18 18 919 76 743
Västernorrlands län 18 22 23 1,338 172 1,483
Norra Mellansverige 66 76 74 4,440 541 4,339
Dalarnas län 23 26 26 1,520 178 1,504
Gävleborgs län 24 30 28 1,733 195 1,646
Värmlands län 19 20 20 1,186 168 1,189
Östra Mellansverige 53 70 69 7,043 1,022 7,901
Örebro län 14 18 16 1,481 248 1,584
Östergötlands län 13 19 19 2,615 369 2,845
Södermanlands län 8 9 9 491 89 612
Uppsala län 9 9 10 93 22 111
Västmanlands län 9 15 15 2,363 294 2,749
Övre Norrland 42 50 48 3,228 389 3,861
Norrbottens län 19 21 21 1,618 158 2,081
Västerbottens län 23 29 27 1,610 231 1,779
Småland med öarna 69 72 69 3,575 529 4,043
Gotlands län 5 5 5 163 28 209
Jönköpings län 22 23 25 1,609 231 1,625
Kalmar län 22 23 19 864 136 1,182
Kronobergs län 20 21 20 939 134 1,028
Stockholm 3 34 47 8,797 2,509 14,890
Stockholms län 3 34 47 8,797 2,509 14,890
Sydsverige 34 51 53 3,872 1,054 6,180
Blekinge län 8 10 9 423 128 641
Skåne län 26 41 44 3,449 926 5,538
Västsverige 53 71 75 6,518 1,384 8,451
Hallands län 9 9 7 647 138 812
Västra Götalands län 44 62 68 5,871 1,246 7,639
Grand Total 356 464 476 39,730 7,677 51,891
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Noteworthy, the subsequent account will focus exclu-
sively on the 1st and 4th scenarios, the modelling 
extremes, since, in retrospect, it is clear that the effect of 
the alternative soil type selection (Screening 2, inclusion 
of coarser silt and clay fractions, as detailed in Table 3 
and Table 5) was only marginal in most cases (Southern 
regions being the exception). Conversely, the effect of 
the alternative land use selection (Screening 2, inclusion 
of forest areas and some artificial surfaces, as detailed in 
Table 4 and Table 5) had a more substantial impact in 
general. 

In the 1st scenario, as presented in Table 8, 3,819 
polygon areas qualified as suitable areas (SA) by meet-
ing the roundness criteria (out of 37,592 candidate poly-
gons). Altogether, these SA, located within 224 DHA* 
and in direct vicinity of 361 unique DHS, make up a 
total land area of 2.028 thousand sqkm (SA average: 
0.53 sqkm) and represent a relative area share of 5.3% 
with regards to the aggregated boundary layer.

To illustrate, and further to emphasize the marked pres-
ence of opportunities present in Syd- and Västsverige 
(e.g. Skåne län and Hallands län), the results for the 1st 

Table 8. Scenario 1: Suitable areas (SA) by aggregated district heating areas (DHA*), with count of DHA and DHS within them, by NUTS2 
and NUTS3 administrative units.

NUTS2/NUTS3 DHA* [n] DHA [n] DHS [n] SA [n] SA [sqkm] Area ratio (SA/DHA*)
Mellersta Norrland 19 23 27 184 36 1.7%
Jämtlands län 11 11 12 42 16 1.9%
Västernorrlands län 8 12 15 142 20 1.5%
Norra Mellansverige 44 54 53 401 78 1.8%
Dalarnas län 18 21 21 148 28 1.9%
Gävleborgs län 17 23 22 195 41 2.4%
Värmlands län 9 10 10 58 9 0.9%
Östra Mellansverige 31 48 50 612 155 2.3%
Örebro län 8 12 12 217 39 2.8%
Östergötlands län 10 16 16 285 98 3.9%
Södermanlands län 3 4 5 19 2 0.4%
Uppsala län 5 5 6 13 2 2.8%
Västmanlands län 5 11 11 78 13 0.6%
Övre Norrland 27 35 35 436 95 3.3%
Norrbottens län 11 13 13 253 61 4.5%
Västerbottens län 16 22 22 183 35 2.2%
Småland med öarna 34 37 39 357 133 4.2%
Gotlands län 1 1 1 3 0 0.4%
Jönköpings län 17 18 20 187 70 4.5%
Kalmar län 9 10 10 101 43 6.4%
Kronobergs län 7 8 8 66 20 2.4%
Stockholm 2 33 45 149 21 0.2%
Stockholms län 2 33 45 149 21 0.2%
Sydsverige 32 49 52 1,022 1,183 30.6%
Blekinge län 7 9 9 28 17 4.0%
Skåne län 25 40 43 994 1,166 33.8%
Västsverige 35 53 60 658 327 5.1%
Hallands län 5 5 5 144 142 22.6%
Västra Götalands län 30 48 55 514 185 3.2%
Grand Total 224 332 361 3,819 2,028 5.3%
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and 4th scenarios are depicted for Örestadsområdet* in 
Figure 4. Similarly, the corresponding 1st and 4th scenario 
results are illustrated in Figure 5 for Göteborgsområdet* 
and in Figure 6 for Stockholmsområdet*.

As can be seen in these images, the 4th scenario, fur-
ther detailed in Table 9, results in a considerable general 
increase in SA, and, relatively speaking, especially so in 
northern parts of the country. The total count of associ-
ated DHA* increases to 269, which corresponds to an 
approximate 20% increase compared to the 1st scenario. 
The total count of SA amounts here to 4,958 (out of 
68,408 candidates), which corresponds to a relative 
increase of ~30%. However, the area sum of all SA in 
the 4th scenario is more than double that of the 1st sce-
nario (5,164 sqkm, average: 1.04 sqkm). The impact of 
accepting forest and artificial land areas increases the 
area ratio in many northern regions, for example 
Norrbottens län (41.9%) and Västerbottens län (29.0%), 
well above the national average at 13.3%.

As mentioned, the results from this work consist 
mainly of geographical feature class layers and it should 
be noted that all identified SA, under each scenario, are 
designated unique ID-numbers for subsequent 

identification. This is exemplified in the last of three 
appendix map images, depicting three project case study 
locations: Figure 11 (Råneå), Figure 12 (Härnösand), 
and Figure 13 (Söderhamn).

5.3	 National potential
If, from the above, a national potential for PTES was to 
be derived, it is vital to first state the extent and nature 
of the limitations and simplifications under which this 
analysis was made. First of all, given the recognized 
demotion of suitability upon its presence, consistent data 
on depth and flow characteristics of ground water was 
sought, but unfortunately not found. In fact, no single 
national-coverage dataset on Swedish ground water 
levels exists today (according to SGU). An internal 
ground water level and elevation dataset, created through 
Kriging interpolation based on several auxiliary datasets 
not further specified here, was developed in the project 
but used as reference only. 

However, it should be emphasised here that the 
groundwater table and the groundwater flow are both 
crucial considerations for constructing a PTES. If the 
groundwater table is not lower than the PTES depth, 

Figure 4. Map illustrations of suitable areas identified in Örestadsområdet* under the 1st (left) and 4th scenario (right).
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Figure 5. Map illustrations of suitable areas identified in Göteborgsområdet* under the 1st (left) and 4th scenario (right).

Figure 6. Map illustrations of suitable areas identified in Stockholmsområdet* under the 1st (left) and 4th scenario (right).
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additional costs would be incurred to lower the ground-
water level before and during construction. Furthermore, 
groundwater flow may carry heat away from the sides 
and bottom of the PTES, hereby increasing heat losses. 
Since none of these factors were accounted for in the 
spatial analysis it is likely that this have resulted in cer-
tain overestimations of actual potentials. Conversely, the 
use of a static soil depth value, fixed at 10 meters, might 
have contributed to some minor underestimations, 
although unlikely, since the set depth represents a mini-
mum requirement for large-scale PTES construction.

Secondly, the assumption that soil type remains uni-
form throughout the PTES depth (soil homogeneity), as 
depicted in soil maps, represent another simplification in 
the analysis. In reality, soil types can vary at different 
depths, and certain soil layers might not be suitable for 
PTES embankments. This could necessitate the removal 
and replacement of unsuitable soil, further increasing 
the costs. In-situ conditions relating to different cost 
levels for piping, for example those in dense urbans 
areas compared to those under rural conditions, also not 
considered in the analysis, represent additional factors 

Table 9. Scenario 4: Suitable areas (SA) by aggregated district heating areas (DHA*), with count of DHA and DHS within them, by NUTS2 
and NUTS3 administrative units.

NUTS2/NUTS3 DHA* [n] DHA [n] DHS  [n] SA [n] SA [sqkm] Area ratio (SA/DHA*)
Mellersta Norrland 25 29 32 407 197 8.9%
Jämtlands län 11 11 12 61 54 6.2%
Västernorrlands län 14 18 20 346 143 10.8%
Norra Mellansverige 53 63 62 754 516 12.0%
Dalarnas län 21 24 24 275 191 12.6%
Gävleborgs län 20 26 25 369 245 14.2%
Värmlands län 12 13 13 110 81 7.5%
Östra Mellansverige 39 56 58 737 413 6.0%
Örebro län 10 14 14 285 172 11.7%
Östergötlands län 12 18 18 278 174 6.7%
Södermanlands län 4 5 6 35 20 4.5%
Uppsala län 5 5 6 19 6 7.4%
Västmanlands län 8 14 14 120 41 1.8%
Övre Norrland 32 40 40 819 1,027 34.9%
Norrbottens län 11 13 13 395 560 41.9%
Västerbottens län 21 27 27 424 467 29.0%
Småland med öarna 43 46 48 457 469 14.1%
Gotlands län 1 1 1 1 3 2.2%
Jönköpings län 19 20 22 239 273 17.1%
Kalmar län 12 13 13 118 115 16.4%
Kronobergs län 11 12 12 99 77 8.9%
Stockholm 2 33 45 317 129 1.5%
Stockholms län 2 33 45 317 129 1.5%
Sydsverige 32 49 52 701 1,784 46.1%
Blekinge län 7 9 9 43 29 6.8%
Skåne län 25 40 43 658 1,755 50.9%
Västsverige 43 61 67 766 628 9.7%
Hallands län 8 8 7 122 217 33.5%
Västra Götalands län 35 53 60 644 412 7.1%
Grand Total 269 377 404 4,958 5,164 13.3%
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of possible overestimations. In this respect it should also 
be stated that no coherent validation of the screening 
results was made, although the findings were evaluated 
for a limited set of case studies [15]. 

Thirdly, being a first-order assessment of a national 
spatio-technical potential, it must be emphasized not to 
mistake these preliminary findings for a dedicated tech-
no-economic feasibility study, in which case a number 
of additional aspects would have had to be considered. 
For any real-world project, essential parameters such as 
land ownership, network connection points, DHS load 
profiles and operational strategies, local heat production 
alternatives, investment economics, regulations and per-
mits etc., would all require investigation, why this 
assessment, generally speaking, most likely is an over-
estimation rather than the contrary.

With this in mind, it is clear that the overall spa-
tio-technical potential for large-scale PTES in Sweden is 
extensive, with several thousand suitable areas gener-
ated under each scenario. The DHA* labelled 
“Örestadsområdet*”, consisting of 18 unique DHS 
assembled under 15 DHA, has by far the largest sum of 
suitable area both in the 1st scenario, totalling at ~806 

sqkm (left graph in Figure 7) and in the 4th scenario, 
totalling at 1,274 sqkm (left graph in Figure 8).

In the 1st scenario, Kristianstad* follows next (160 
sqkm), thereafter Halmstad (96 sqkm), and then many 
other south and south-western DHA*. At 15th  place, 
Gävle/Sandviken* (23 sqkm) appears as the first aggre-
gated area with a more northern location. In the 4th sce-
nario, however, several  northern locations, e.g. Umeå 
(210 sqkm), Luleå (202 sqkm), clearly benefit  from the 
inclusion of forest and artificial land areas, placing them 
at 2nd and 3rd place respectively.

If instead comparing the total area sum of SA per 
DHA* by the sum of annual district heat deliveries asso-
ciated with these, as shown for the 1st scenario in Figure 
7 at right, it can be seen that five Skåne län DHA* 
(Skurup, Rydsgård, Sjöbo, Tomelilla, and Kristiandstad*) 
top the list with values in the range of 0.47 to 0.68. A 
large ratio in this context would indicate a large likeli-
hood of being able to find suitable areas for PTES that 
can support the DHS within the aggregated area. In the 
4th scenario, at right in Figure 8, this situation is not 
changed dramatically, although a few northern locations, 
for example Sveg (0.59) and Piteå (0.50), make it into 

Figure 7. Scenario 1: Area sum of SA per DHA*, at left, and ratio of total sum of suitable areas (sqkm) by sum of annual district heat deliver-
ies (GWh/a) per DHA*, at right.
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Figure 8. Scenario 4: Area sum of SA per DHA*, at left, and ratio of total sum of suitable areas (sqkm) by sum of annual district heat deliver-
ies (GWh/a) per DHA*, at right.

Figure 9. Distribution of SA polygon areas [sqkm] in the 1st scenario (top) and the 4th scenario (bottom) for the three largest metropolitan 
areas of Örestadsområdet*, Göteborgsområdet*, and Stockholmsområdet*.
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the top 15, an interval with values ranging from 0.46 to 
0.92.

The character of the identified SA can be further 
described by displaying the distribution of area sizes by 
total bin areas, as shown in Figure 9 for the three largest 
metropolitan areas with respect to the 1st and 4th scenar-
ios. A majority of the total suitable area in 
Örestadsområdet*, in both scenarios, is found in very 
large polygons (probably just one polygon) with an area 
above 100 sqkm or more, whereas the case in both 
Göteborgsområdet* and Stockholmsområdet* is more 
fragmented with more smaller areas.

In confirmation of what has been subtly suggested in 
the above, a distinct general difference, a difference of 
latitude one might say, is indeed present in these results. 
Southern parts of Sweden display more promising 
potentials than their northern counterparts, as illustrated 
in the scenario diagram of Figure 10. This difference 
might not exist locally, since feasible conditions also 
exist in many northern locations. However, generally 
speaking, and especially if not permitting any 

exploitation of broad-leaved, conifer, or mixed forest 
areas, as well as no industrial or commercial areas, air-
ports, ports, road and rail networks etc., the likeliness of 
finding a suitable PTES land area in the north should be 
considerably smaller than finding one in more southern 
locations.

6.	Conclusions

To conclude, this paper has presented in summary the 
work to investigate and assess the availability of suit-
able land for the construction and operation of pit ther-
mal energy storages within cost-effective heat 
transmission distances of district heating systems. This 
availability was referred to as the national spatio-tech-
nical potential in Sweden and was characterized as a 
first-order assessment, meaning a first general outlook 
over territorial aspects and properties not previously 
studied from an elevated viewpoint. Three distinct 
research questions were raised and here are their 
answers:

Figure 10. Total suitable area for all four scenarios and six DHA* representative of a north-south distribution.
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Firstly, yes, it is possible to perform a first-order 
assessment based on publicly available data, but of 
course, only by whatever data that indeed is publicly 
available. In this case, four relevant data parameters 
(elevation, soil depth, soil type, and land use) allowed 
for exactly such a “first-order” assessment, but nothing 
more. This raises the legitimate, general question of 
whatever value first-order assessments may have, since 
they do not provide perfect certainty, are difficult to 
verify (although case study comparisons were made in 
the project), and certainly cannot replace necessary 
detailed investigations in real-world cases (e.g. ground 
water depth and movement, in-situ soil depths, specific 
soil constitutions etc.). The value, however, lies in a first 
orientation and a guiding light where before there was 
only fog and mist.

Secondly, excessive, must be the short reply. Suitable 
areas for pit storages amass, under both conservative and 
progressive criteria selections, substantial land areas in a 
majority of the aggregated district heating areas studied. 
Average sizes of unique suitable areas range from 
roughly a half to one square kilometre in the most con-
servative and progressive cases, respectively. In total, 
the national sum of suitable areas ranges from two to 
more than five thousand square kilometres under the two 
criteria extremes, but, noteworthy, many locations are 
also found empty of suitable areas and thus associated 
with no potentials at all. Hereby, it may be concluded 
that suitable land areas should be possible to find  in 
most cases, but there may be local exceptions to this 
general rule.

Thirdly, yes, there seems indeed to exist characteristic 
differences across the national territory, differences of 
latitude one might say, at least by reference to the used 
data parameters. Perhaps it should come as no surprise 
for a large and north-south elongated country like 
Sweden but results clearly reveal more promising poten-
tials in southern parts of the country compared to more 
northern parts. As stated above however, this difference 
might not exist locally since feasible conditions also 
exist in many northern locations, but nationally, yes.

Future work could develop the approach further by 
extended investigations concerning useful input data 
parameters and the influence and consequences of asso-
ciated selection criteria. For example, the inclusion of 
forest areas and certain artificial areas proved to have a 
generally strong impact in this study. Concerning the 
latter especially, it would be interesting to learn more 
about what particular artificial areas, e.g. industrial and 

commercial, airports, road and rail networks, ports, 
green urban areas etc., that can constitute potential suit-
able areas in the future, since the larger the district 
heating system, the larger the need for large-scale sea-
sonal storages in the sustainable energy system of 
tomorrow.
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Appendix 1: Case study maps

Figure 11. Map illustrations of suitable areas identified in Råneå and neighbouring cities under the 1st (left) and 4th scenario (right).
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Figure 12. Map illustrations of suitable areas identified in Härnösand and neighbouring cities under the 1st (left) and 4th scenario (right).

Figure 13. Map illustrations of suitable areas identified in Söderhamn under the 1st (left) and 4th scenario (right). Identified suitable areas in 
the 1st scenario presented with associated ID-numbers for illustration.
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