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Abstract: This paper explores shallow and deep energy technologies supporting Poland’s district 
heating transition, focusing on aquifer thermal energy storage (ATES), borehole thermal energy 
storage (BTES), deep geothermal energy, and energy piles. Heating accounts for a major share of 
energy consumption and emissions in Poland, where district heating networks are essential for urban 
energy supply. National policies promote renewable energy integration and energy security, presen-
ting opportunities for geothermal and underground thermal storage solutions. ATES and BTES offer 
seasonal heat storage by cycling thermal energy in subsurface aquifers and boreholes respectively, 
balancing variable heat demand and renewable supply. Deep geothermal energy provides stable base-
-load heat via extraction from deep reservoirs, contributing reliable renewable heat despite requiring 
significant investment and geological specificity. Energy piles represent an innovative technology, 
combining building foundation piles with embedded heat exchangers, enabling efficient ground heat 
use for heating and cooling without additional land or deep drilling. This method is especially suited 
for urban environments and contributes to cost-effective decarbonization. The paper compares tech-
nical principles, geological conditions, performance, economic and environmental aspects of these 
technologies, highlighting their complementary roles in enhancing heat network flexibility, efficien-
cy, and sustainability. The findings inform strategic planning and policy development to optimize 
Poland’s renewable heat infrastructure, supporting climate targets and energy independence for wi-
despread adoption.
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1. Introduction

Heating constitutes a significant portion of energy con-
sumption and emissions in Poland, with district heat-
ing networks playing a vital role in urban energy supply. 
The integration of underground thermal energy storage 
and renewable heat sources is essential for improving 
flexibility, continuity, and sustainability.

The proposal of the National Energy and Climate 
Plan 2030 [1] with a  perspective until 2040 includes, 
among others: 

	– improving the country’s energy security through the 
gradual independence of the sector from the pur-
chase of fossil fuels and the use of local RES (renewa-
ble energy sources) deposits and waste heat,

	– diversification of heat generation technologies in 
the district heating system and their adaptation to 
local conditions,

	– development of heat storage in the district heating 
system,

	– ensuring access to the power grid for heat pumps,
	– lowering the temperature parameters of district 

heating networks.

These create significant opportunities for advanc-
ing geothermal technologies and underground thermal 
energy storage systems. Geothermal technologies utilize 
the earth’s natural heat, offering a reliable and sustainable 
energy source that can reduce dependence on fossil fuels. 
Moreover, underground thermal energy storage allows 
excess heat to be stored during periods of low demand 
and then retrieved when needed, improving energy effi-
ciency and grid stability. Together, these technologies can 
support local energy independence, lower emissions, and 
contribute to meeting climate goals.

ATES and BTES provide seasonal heat storage 
solutions that help balance fluctuating heat demand 
and renewable supply, whereas deep geothermal ener-
gy offers direct, base-load heat from the Earth’s crust. 
Energy piles complement these technologies with-
in foundation piles, allowing buildings to efficiently 
harness ground heat for seasonal heating and cooling 
without additional land use or deep drilling. Under-
standing the comparative advantages, limitations, and 
site-specific feasibility of these technologies can guide 
strategic planning for Poland’s evolving heat infra-
structure.

The paper compares technical principles, geolog-
ical conditions, performance, economic and environ-
mental aspects of these technologies, highlighting their 
complementary roles in enhancing heat network flexi-
bility, efficiency, and sustainability.

2. Results and discussion

Aquifer thermal energy storage (ATES) is a  technol-
ogy that stores and recovers thermal energy by using 
subsurface aquifers – naturally occurring under-
ground water-bearing layers. It works by extracting 
groundwater during one season, usually summer, 
where the water absorbs heat (cooling buildings or 
industrial processes) and then injecting this heated 
water back into the aquifer to store the thermal ener-
gy (Fig. 1). In the opposite season, typically winter, 
the process reverses by extracting the warm ground-
water through wells to provide heat, often coupled 
with heat pumps, while reinjecting cooler water back 
into the system.

Fig. 1. The working scheme of a low-temperature seasonal ATES [2]
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ATES typically operates seasonally, balancing heat-
ing and cooling demands through this cyclic exchange. It 
is considered an efficient, cost-effective way of reducing 
reliance on fossil fuels and leading to lower carbon emis-
sions, especially for buildings where heating and cooling 
make up a large share of energy use. In order to be used 
in Poland, this technology requires suitable hydrogeo-
logical conditions such as permeable aquifers and ade-
quate groundwater quality [3]. ATES systems can achieve 
higher efficiency than conventional heating and cooling 
technologies. Originating in Europe and widely adopt-
ed therein, ATES is used at over 1,000 sites, delivering 
sustainable energy benefits by leveraging natural under-
ground thermal storage with minimal net water usage [4].

Borehole thermal energy storage (BTES) is a tech-
nology that stores thermal energy in the ground through 
vertical boreholes drilled into the earth (Fig.  2). These 
boreholes contain U-shaped pipes through which 
a  heat-transfer fluid (usually water mixed with anti-
freeze) circulates in a closed loop. The system allows for 
the injection of excess heat or cold into the ground dur-
ing periods of low demand and the recovery of this ener-
gy when needed, typically providing seasonal storage of 
thermal energy. This bidirectional system efficiently bal-
ances heating and cooling demands over the year.

Fig. 2. Schematic illustration of  
borehole thermal energy storage system [5]

BTES is flexible and can be implemented in areas 
without specific groundwater conditions because it stores 
heat in the solid ground rather than relying on aquifers. 
It is particularly effective for large-scale installations 
where long-term thermal storage is required, such as dis-
trict heating systems, where multiple buildings or facili-
ties can benefit from the stored energy. This technology 
contributes to energy efficiency by enabling use of waste 
heat, solar thermal energy, or excess heat from industri-
al processes, thus reducing reliance on fossil fuels, and 
lowering greenhouse gas emissions [6]. BTES transforms 
the ground into a natural thermal battery, storing heat 
or cold for later use and providing a sustainable way to 
manage seasonal variations in energy demand.

Energy Geostructures (EGs) are one of the most 
promising shallow geothermal solutions in the built 
environment. They are deployed by implementing tube 

heat exchangers in structures such as pile foundations, 
diaphragm walls, and tunnels, which are in direct con-
tact with the soil to provide heating or cooling by using 
ground source heat pump [7].

Energy piles are a  technology that integrates ther-
mal energy storage within foundation piles constructed 
in the ground (Fig. 3). These concrete or steel piles con-
tain embedded pipes through which a heat-transfer fluid 
(such as water with antifreeze) circulates in a closed loop. 
The system stores heat or cold in the pile structure and 
the surrounding soil, allowing buildings to use this stored 
thermal energy for heating or cooling via a connected heat 
pump. Energy piles enable efficient ground-source energy 
use without requiring additional land or deep boreholes.

Fig. 3. Schematic view of energy piles [8]

This technology is particularly suitable for build-
ings that already require foundation piles, combining 
structural support with thermal energy storage. Energy 
piles offer a  cost-effective and space-saving solution, 
especially in urban areas where land is limited. They 
function as seasonal or short-term thermal batteries, 
helping to balance heating and cooling demands and 
improve overall energy efficiency. By utilizing the exist-
ing foundation system, energy piles reduce installation 
costs and environmental impact compared to tradition-
al geothermal solutions, contributing to reduced fossil 
fuel use and lower greenhouse gas emissions.

Geothermal energy is a  renewable energy source 
derived from the heat stored within the Earth’s crust. Deep 
geothermal involves tapping into underground reservoirs 
of hot water (or steam), usually located several kilome-
ters below the surface. In Poland it is only used to provide 
space heating. The process begins with drilling wells into 
geothermal reservoirs, from which hot water is extracted. 
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These fluids can be used directly for heating buildings, 
greenhouses, some industrial processes as well as for recre-
ational swimming pools [9]. Some existing boreholes that 
were drilled for other purposes, such as negative explora-
tion of boreholes or depleted oil wells, are also considered 
for use as deep borehole heat exchangers [10].

Geothermal heating systems operate continuously, 
providing a  stable and reliable source of energy unaf-
fected by weather or seasonal changes. This makes geo-
thermal energy an excellent solution for steady heating 
needs. The technology results in very low greenhouse 
gas emissions compared to fossil fuels, contributing sig-
nificantly to carbon footprint reduction. Key require-
ments include suitable geological conditions of per-
meable rock formations with sufficient heat flow and 
favorable chemical composition [11, 12].

Technical Principles and Geological Conditions: 
ATES utilizes natural underground aquifers as ther-
mal reservoirs by injecting and extracting heated or 
cooled groundwater seasonally. It requires permeable 
aquifers with sustainable groundwater flow which are 
locally available in some Polish regions, but also pose 
challenges in water quality management. BTES stores 
heat in closed borehole fields where the heat transfer 
fluid circulates through underground pipes embedded 
in rock or soil, making it less site-dependent and easier 
to deploy widely. Energy piles combine structural foun-
dation piles with embedded geothermal pipes, allowing 
buildings to exchange heat with the ground through 
the piles themselves, making them adaptable to various 
geological conditions without compromising structural 
integrity. Deep geothermal energy exploits the natu-
rally high temperatures at great depths – up to several 
kilometers deep – where geological structures and heat 
flow rates determine viability; Poland’s low to medium 
geothermal gradients limit deep geothermal potential 
mainly to specific regions such as Podhale or the Polish 
Lowlands.

2.1. 	Energy storage and supply 
capabilities

ATES and BTES are primarily seasonal storage technol-
ogies capable of storing excess heat during low-demand 
periods for later use, thus enabling better utilization of 
renewable and waste heat sources, and reducing peak 
loads in district heating systems. ATES typically offers 
higher storage capacity and operational efficiency but has 
site restrictions. BTES is versatile with moderate storage 
capacity and fewer hydrogeological constraints. Energy 
piles may serve a dual role by providing building founda-
tions and acting as heat exchangers for seasonal thermal 
energy storage, which helps reduce heating and cooling 
loads efficiently. Deep geothermal energy provides a con-

tinuous and stable heat supply independent of surface 
conditions which is suitable for base-load operations but 
requires significant upfront drilling investment and risk 
management.

2.2. Economic and environmental 
aspects

ATES and BTES systems have moderate capital costs 
and can be integrated with existing infrastructure, 
offering cost-effective improvements in energy effi-
ciency and emissions reductions. Deep geothermal 
involves higher investment but delivers reliable renew-
able heat with minimal emissions. Environmentally, 
ATES demands stringent groundwater protection to 
avoid contamination, BTES operates as a closed system 
minimizing environmental risks, and deep geother-
mal options generally lead to low emissions but have 
potential for induced seismicity and require sustaina-
ble reservoir management. By integrating geothermal 
functionality into structural piles, energy piles reduce 
installation costs compared to separate systems while 
promoting renewable energy use and minimizing envi-
ronmental risks.

2.3.	Integration and policy 
implications for Poland

The complementary use of ATES and BTES with deep 
geothermal energy can enhance Poland’s heat network 
flexibility, renewable integration, and decarbonization. 
Energy piles offer a practical and scalable solution for 
Poland, especially in urban areas or sites unsuitable for 
traditional geothermal systems, complementing exist-
ing underground thermal technologies and support-
ing decarbonization goals. Existing pilot projects and 
mapping studies identify suitable sites and technical 
pathways. Policy support, regulatory frameworks, con-
tinuous resource assessment, financial incentives, and 
public engagement are necessary to advance technology 
adoption and scale benefits.

ATES and BTES are seasonal thermal storage tech-
nologies relying on shallow subsurface conditions and 
heat pumps, suitable for localized heating and cooling. 
Deep geothermal provides a continuous and high-tem-
perature energy source ideal for both heat and electricity 
generation but requires significant investment and spe-
cific geology. Energy piles combine structural foundation 
elements with thermal storage at shallow depths, offering 
a  cost-effective and space-saving solution for building 
heating and cooling. They are especially suitable where 
foundation piles are already necessary, enabling efficient 
ground-source energy use with lower installation costs. 
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The choice among these technologies depends on local 
geological conditions, energy demands, available space, 
and economic considerations.

Table 1 compares four shallow geothermal tech-
nologies: aquifer thermal energy storage (ATES), bore-
hole thermal energy storage (BTES), energy piles, and 
deep geothermal energy.

ATES uses groundwater in natural aquifers to store 
heat and cold within the water itself. BTES, by contrast, 
stores thermal energy directly in the ground (rocks 
or soil) without relying on groundwater. Energy piles 
store heat in concrete foundation piles embedded in 
the ground, utilizing shallow depths typically between 
5 and 30 m. Deep geothermal accesses heat from deep 
inside the Earth, usually from depths below 1000 m, 
harnessing naturally occurring high temperatures.

ATES wells are relatively shallow (>10 m), while 
BTES boreholes range from 30 to 100 m. Energy piles 
use even shallower depths (5–30 m), integrating ther-

mal harnessing with structural foundation elements. 
Deep geothermal requires drilling much deeper, often 
over 1000 m, where temperatures exceed 20°C, com-
pared to the 8–12°C groundwater temperature in 
ATES, 8–10°C ground temperature in BTES, and simi-
lar 8–12°C ground temperature for energy piles.

ATES and BTES are primarily used for season-
al heating and cooling of buildings and require heat 
pumps to transfer thermal energy efficiently. Energy 
piles serve heating and cooling needs integrated into 
building foundations and also require heat pumps. 
Deep geothermal can provide heating, sometimes need-
ing high-capacity heat pumps depending on the system.

ATES requires permeable aquifers with good 
groundwater quality. BTES prefers soil where ground-
water presence is minimal or absent. Energy piles need 
soils suitable for pile foundations with good thermal 
conductivity. Deep geothermal requires suitable perme-
able rock formations and favorable thermal conditions.

Table 1. Comparison of four thermal energy technologies: aquifer thermal energy storage (ATES), 
 borehole thermal energy storage (BTES), energy piles, and deep geothermal energy

Features ATES BTES Energy piles Deep geothermal
Energy source Groundwater in 

natural aquifers
Ground (rocks or 
soil)

Heat stored in foundation 
piles in the ground

Heat from inside the 
Earth

Storage type Storage of heat and 
cold in water

Storage of heat (cold) 
in the ground

Storage of heat in concrete piles 
embedded underground

Direct use of 
geothermal heat

Borehole depth >10 m 30–100 m Shallow depth, typically 
5–30 m

Usually above 1000 m

Initial temperature Groundwater 
temperature usually 
8–12°C

Ground temperature 
usually 8–10°C

Ground temperature usually 
8–12°C

Temperature depends 
on location (>20°C)

Application Heating and cooling 
buildings, requires 
heat pump

Heating and cooling 
buildings, requires 
heat pump

Heating and cooling buildings, 
integrated into foundations, 
requires heat pump

Mainly space heating, 
sometimes requires 
high-power heat pump

Geological 
requirements

Requires suitable 
aquifers with good 
permeability

Suitable for 
various soil types, 
groundwater presence 
undesired

Requires soils suitable for pile 
foundations, good thermal 
conductivity preferred

Requires suitable 
layers with good 
permeability and 
thermal conditions

Advantages + Low operating costs  
+ No water quality 
impact  
+ Stable energy 
source

+ Efficient use of 
energy  
+ Good heat storage 
conditions  
+ Low CO2 emissions

+ Utilizes existing foundation 
structures  
+ Lower installation cost 
compared to deep boreholes  
+ Minimizes additional land 
use

+ Expandable system  
+ Suitable for large-
scale use
+ Low CO2 emissions

Disadvantages - Requires suitable 
hydrogeological 
conditions  
- Requires well 
drilling  
- High initial costs

- Needs adequate  
permits  
- Less availability in 
dense urban locations  
- Requires borehole 
drilling

- Limited heat storage 
capacity compared to deep 
geothermal  
- Effectiveness depends 
on pile design and soil 
conditions

- High initial costs  
- Requires deep 
drilling and suitable 
geology

The prospects for the 
use in district heating 
networks in Poland

low high low high
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2.4. Advantages
ATES stands out for low operating costs, no water 
quality impact during proper exploitation, and a stable 
energy source. BTES benefits from efficient energy use, 
good heat storage conditions, and low CO2 emissions. 
Energy piles utilize existing foundation structures, offer 
lower installation costs compared to deep boreholes, 
and minimize additional land use. Deep geothermal is 
expandable, and suitable for extensive applications.

2.5. Disadvantages
ATES depends heavily on suitable hydrogeological condi-
tions, requires well drilling, and has high initial costs. BTES 
needs wells and permits. Energy piles have limited heat 
storage capacity compared to deep geothermal and their 
effectiveness depends on pile design and soil conditions. 
Deep geothermal involves the highest initial costs and 
requires deep drilling in suitable geological formations.

2.6. Prospects for Poland
In 2022 around 82% of primary energy input to district 
heating systems comes from fossil fuels in Poland [13]. 
The integration of sustainable and low-temperature heat 
sources into existing district heating systems decarbon-
izes the heat supply but requires balancing heat source 

and network temperatures [14]. Shallow geothermal 
technologies are one of the most energy efficient and 
least GHG emitting available alternatives to provide 
space heating and cooling [15]. Among the listed tech-
nologies, the most probable uses in Poland will most 
likely be BTES (in terms of quantity) and geothermal 
energy (in terms of installed capacity). 

The potential of BTES in Poland can be indicated 
by the popularity of BHE. Currently, in the PIG data-
base, approximately 1700 objects are registered with 
BHE [16]. Although this number is not representative 
and is significantly underestimated this can be consid-
ered as of future BTES installations indicator. 

The identified demand for seasonal heat storage 
in district heating systems in Poland is significant [17]. 
Seasonal thermal energy storage systems, and in par-
ticular borehole thermal energy storage (BTES) systems, 
are a key component in implementing the transition to 
renewable heat generation [18]. The potential of 5GDHC 
integrated with borehole thermal energy storage (BTES) 
can unlock the synergies between heating and cooling 
via a  bidirectional thermal network [19]. According to 
[20] heat pumps will generate more than half of the heat 
for district heating systems in Baltic states. Approximate-
ly 45 new geothermal drillings (Fig.  4) received funds 
promises within National Fund for Environmental Pro-
tection and Water Management project [21]. 

Fig. 4. Locations of existing and planned geothermal heating plant in Poland [21]
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This indicates the great degree of interest in the 
aforementioned technology, especially from local gov-
ernments. Unfortunately, this technology requires sig-
nificant investment both during the drilling phase and 
at the stage of constructing the surface installation. 
Nevertheless, the variety of possible applications of this 
technology (district heating, recreation, agriculture, 
treatment) as well as the experience gained so far create 
significant potential for its use [22, 23].

ATES technology shows a decrease in capital costs 
per installed heating and cooling capacity with increas-
ing capacity. Capital costs per installed capacity can be 
considered 300 €/kW [24]. Despite this, technology is 
highly dependent on hydrogeological conditions. The 
PIG report illustrates the potential of this technology 
in Poland [25]. As research shows, the largest cities in 
Poland are unfortunately located outside the areas with 
the best conditions for ATES [26].

Energy piles are a  new and emerging technolo-
gy in Poland. The utilization of dwellings’ foundations 
as ground heat exchanger components has recently 
demonstrated the potential to generate significant cost 
reductions primarily attributed to the reduction in 
expenses associated with drilling and backfill material 
(grout) [27]. This technology has some potential how-
ever in view of the scope of zero-energy and passive 
buildings, especially considering new solutions and 
additives like new materials or PCMs [28–30]. 

Some indication of shifting towards mentioned 
technologies can be addressed in the Heating Plant 

of the Future project in Lidzbark Warmiński. In this 
demonstrative installation, heat pumps are inte-
grated with three ground sources: air heat exchang-
ers, a  low-temperature ground storage (BTES), and 
a high-temperature water storage (PTES). The system is 
powered by electricity generated directly on-site from 
hybrid solar thermal collectors (PVT) and a  nearby 
photovoltaic (PV) installation [31]. 

3. Conclusions

ATES, BTES, energy piles and deep geothermal energy 
represent critical underground thermal technologies, 
each with distinct characteristics suitable for Poland’s 
district heating transition. Their strategic combination 
promises more resilient, efficient, and sustainable heat 
supply systems aligned with environmental and energy 
goals. Ongoing research, tailored infrastructure devel-
opment, and coherent policies will be vital to unlock-
ing their full potential for Poland’s sustainable energy 
future.
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