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Summary
Ice stores offer considerable potential for heating and cooling buildings and districts, particularly in combination with cold solar district heating networks. However, conventional large-volume underground ice stores are typically constructed as concrete tanks, resulting in comparatively high costs, resource consumption, and greenhouse gas emissions. The “innoBeLs” project therefore investigates alternative concepts with volumes between 100 m³ and 1 000 m³. This paper outlines the main challenges associated with the investigated innovative ice store concepts and presents selected results for an infiltration crate ice store. As the infiltration crates must withstand the loads resulting from the store cover and traffic, their load-bearing behavior was investigated in compression tests. At the point during testing at which a specimen temperature of −8 °C was reached, the compressive stress exceeded the combined area load from a total cover depth of 1 m comprising soil and road pavement and the traffic load of 30 t vehicles by at least 20 %, while the compressive strain remained below 0.5 %. Lower temperatures increased the short-term compression strength but resulted in more brittle failure. No visible damage occurred during eight freeze–thaw cycles of a hollow support column from the same type of infiltration crate used in the compression tests. The results support the technical feasibility of the concept, although full-scale testing remains necessary.
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Field of application for the findings: Solar thermal heating and cooling systems with seasonal storage; cold district heating networks, integration of ice store in building and district energy systems; reduction of resource demands 
Addressed audience: Researchers and engineers in solar thermal energy, thermal energy storage, HVAC, and energy system planning for buildings and districts. Municipal decision makers.
Introduction 
Ice stores are becoming increasingly important for the heating and cooling supply of buildings and districts. They can serve both as a long-term heat store in combination with a heat pump and as a cold thermal energy store for cooling. In particular, the integration of ice stores combined with heat pumps into cold solar district heating networks offers considerable potential for reducing CO₂ emissions associated with space heating in the building sector. (Altuntas and Erdemir, 2022; Associated Press, 2023; ENGIE Refrigeration, n.d. (no date).; Drück et al., 2024; Guelpa and Verda, 2019; Mehdipour et al., 2025; Osterman and Stritih, 2022; Sivák et al., 2020; Viessmann, 2019; Vivian et al., 2023)
The work presented in this contribution was conducted as part of the research project “innoBeLs”, which focuses on the development and implementation of innovative underground ice store concepts for commercial application in solar cold district heating networks. These concepts are intended to provide both economic and ecological benefits. The project is carried out jointly by the Institute for Building Energetics, Thermotechnology and Energy Storage (IGTE) at the University of Stuttgart, Germany and Viessmann Deutschland GmbH. The project duration is from 01/2025 to 12/2028 (IGTE, n.d.). The ice store concepts are designed for volumes between 100 m³ and 1 000 m³ and are intended to be trafficable by heavy-duty vehicles.
Current ice stores predominantly use cost-intensive concrete tanks equipped with two heat exchanger coil loops (Baukobox GmbH, n.d.; GNV GmbH, n.d.; LowTEMP Project, 2021). The production of these tanks is comparatively energy-intensive and is therefore associated with substantial greenhouse gas emissions (Barbhuiya et al., 2024). By contrast, the newly developed innovative container concepts are intended to reduce environmental impacts and resource consumption by at least 50 % and costs by at least 20 % compared with conventional ice strores using concrete tanks. Achieving these targets would facilitate broader market penetration while reducing the ecological impacts associated with this promising technology.
The main stages of the research project comprise the elaboration of innovative container concepts, life cycle assessment (LCA) and life cycle costing (LCC) analysis for both existing and new container concepts. Another important objective of the project is to standardize the concept, the preliminary design, the documentation and the handover process. Furthermore, the most promising ice store concept will be implemented as a pilot system in a field environment and tested under various operating scenarios.
This contribution provides an overview of the most promising newly developed ice store concepts investigated within the research project “innoBeLs”, as well as selected project results.
Description of selected innovative ice store concepts
Fig. 1 shows graphics and a photograph of the currently most widespread concept for large-volume underground ice stores. It consists of a concrete container and two polymer heat exchanger coil loops mounted on an aluminum frame. One heat exchanger coil loop is used for discharging, and the other for charging the ice store. Fig. 2 shows a selection of innovative alternative ice store concepts investigated in the research project innoBeLs. 
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Fig. 1: Concrete tank ice store concept. Left: 3D model providing an internal view of the ice store, showing the heat exchanger coils and their mounting (LTTT, n.d.). Middle: photograph taken during the construction phase (Krug, 2019). Right: simplified schematic illustration.
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Fig. 2: Simplified schematics of a selection of innovative ice store concepts investigated within the research project.
Pit thermal energy stores (PTES) and gravel-water pit thermal energy stores (GW-PTES) have already been used as seasonal hot water stores for decades (Dahash et al., 2019; Novo et al., 2010; Xiang et al., 2022). However, to the author’s knowledge, PTES have never been constructed with a cover that allows trafficability by heavy-duty vehicles. GW-PTES provide the required trafficability due to the densified gravel fill (Benner et al., 2003; Novo et al., 2010). Neither concept was originally designed for use as an ice store. However, the formation of ice with a small volumetric fraction was considered in one low-temperature GW-PTES (Streit, 1996). In soil-water pit thermal energy stores (SW-PTES), the excavated soil is used as the load-bearing structure instead of gravel. This eliminates the need for gravel and its transportation, while also reducing the resources required for the removal and disposal of the excavated soil. The gravel or soil serves not only as a load-bearing structure to ensure trafficability, but also as a support structure for the heat exchanger coil loops.
Typically, infiltration crates are installed underground for rainwater infiltration in so-called infiltration trenches. An example of an infiltration trench unit is depicted in Fig. 3, right. If the rainwater is to be stored, several crates are assembled and enclosed within a waterproof liner. The crates are typically made of polypropylene (PP) and are designed to be trafficable by heavy-duty vehicles. An innovative approach is to use the crates as elements for an ice store. In this case the crates could be pre-assembled into modules of a size suitable for road transport and equipped with integrated heat exchanger pipes. Enclosure in a waterproof liner prior to installation is also feasible. On site, the heat exchanger pipes of the individual modules must then be connected to each other or to a supply and return manifold.
Using extruded polymer profiles for an ice store represents an innovative approach in which the main part of the container, including the heat exchangers, is manufactured in a single production step. The entire store can be assembled from multiple modules of a size suitable for road transport. This concept significantly reduces on-site assembly work, as the individual modules only need to be interconnected.
Underground, horizontally installed polymer pipes with diameters of around 3 m are currently used for the storage of drinking water or firefighting water (Amiblu Holding GmbH, n.d.; FRANK GmbH, n.d.). Equipped with heat exchangers, these pipes could in priciple also serve as ice stores.
Commercially available underground polymer tanks with volumes of up to 20 m³ are currently used as small-scale ice stores, mainly for single-family houses (Skoruppa, n.d.). These comparatively small tanks could be combined in a cascaded configuration to realize ice stores with total volumes between 100 m³ and 1,000 m³ (“cascaded small-tank store”). However, the tanks currently available still require structural stabilization to ensure trafficability by heavy-duty vehicles.
Investigations and selected results for infiltration crates
In this chapter, the main areas of investigation for the different ice store concepts are described, and selected results for the infiltration crate store are presented.
For PTES, the main focus is on investigating different top cover structures including their structural supports. For GW-PTES and SW-PTES, design and sizing of load-bearing heat exchanger pipes represent one of the primary fields of investigation. In SW-PTES, the excavated on-site soil is intended to serve as the load-bearing material instead of gravel. Therefore, the suitability of the local soil must be assessed in advance. The concept is only advantageous over GW-PTES if the available soil is suitable for repeated freezing without causing significant frost heave or settlement, so that the surface above the store remains suitable for traffic loads.
The extruded polymer profile store must be developed entirely as a new concept. Initial investigations focus on the design and cost assessment of the extrusion die, as well as the dimensioning of the load-bearing structure using FEM simulations. 
For the pipe store, different heat exchanger options and their mounting systems constitute the main areas of investigation, while for the cascaded small-tank store, various approaches to increasing the load-bearing capacity are being evaluated. 
The structural stability of infiltration trenches composed of infiltration crates is guaranteed by the manufacturers only for frost-free operating conditions, and no data are available on their mechanical strength at temperatures below 0 °C. These data therefore need to be determined experimentally. The methodology and results of the initial tests conducted for this purpose are presented in the following two subsections.
3.1 Compression strength of infiltration crates at temperatures ≤ 0 °C
Most commercially available infiltration crates are primarily made of polypropylene (PP) and are not specified for use at temperatures ≤ 0 °C, as PP becomes brittle at such temperatures (Farotti et al., 2019; Mai and Williams, 1977). Therefore, testing the compression strength of the most promising types of infiltration crates was an important experimental investigation conducted for this ice store concept.
The infiltration crate “Rigofill ST-A half block“, manufactured by Fränkische Rohrwerke Gebr. Kirchner GmbH & Co. KG, was identified as the most promising type for the newly developed infiltration crate ice store concept, see Fig. 3, left. 
     [image: ][image: ]
Fig. 3: Left: Infiltration crate „Rigofill ST-A half block“. Right: assembly of infiltration crates „Rigofill ST-A full block“ into an infiltration trench unit. Image sources: (Fränkische, n.d.-a; Fränkische, n.d.-b)
These infiltration crates have a square base with a side length of 800 mm, and a height of 350 mm. Crates of this type were tested for compression strength using a procedure based on the standard EN 17150:2019 at a test stand of the Material Testing Institute (MPA) of the University of Stuttgart. The tests were performed using the computer-controlled servo-hydraulic testing machine “Ernst HPM 1600” with a maximum load capacity of 1 600 kN and according to “Method B” of EN 17150:2019 with a constant displacement rate of (1.0 ± 0.1) mm/min. The load for the compression tests was applied by a loading platen, while the compression load and displacement were recorded synchronously.
The infiltration crates used as test specimens were conditioned in a climatic chamber prior to testing. However, temperature conditioning could not be maintained during the tests. The target specimen temperature was −8 °C, corresponding to the locally expected minimum temperature at the contact points between the heat exchangers and the crates. For comparison with the manufacturer’s test results, four specimens were additionally intended to be tested at approximately 23 °C and were therefore preconditioned to this temperature. Since the ambient temperature around the testing machine was approximately 10 °C, the temperatures of the specimens preconditioned to 23 °C decreased during testing and ranged from approximately 13 °C to 20 °C during the measurements. The three specimens intended for testing at −8 °C were preconditioned to temperatures between −19 °C and −18 °C. To reduce the temperature increase during testing, wood-fiber insulation boards were placed at the sides of these specimens. During the measurements, the temperatures of the three specimens ranged from −9 °C to 0 °C until the maximum compression load was reached. For ease of reference, the specimens pre-cooled to temperatures between −19 °C and −18 °C are hereinafter referred to as the “pre-cooled specimens”, whereas the specimens preconditioned at 23 °C are referred to as the “specimens tested at ambient temperature”.
Fig. 4 shows specimens in the testing machine, with and without insulation boards, prior to failure for the specimen during testing.
[bookmark: _Hlk238064131]The maximum compression loads recorded for the specimens tested at ambient temperature ranged from 293 kN to 333 kN. Based on the cross-sectional area of the specimens of 0.64 m², these values correspond to short-term compression strengths ranging from 458 kN/m² to 520 kN/m². According to the manufacturer’s specifications, the short-term compression strength determined at a test temperature of 23 °C must be at least 420 kN/m² (Fränkische, 2025). This requirement was met in all tests. However, it should be noted that the actual specimen temperatures during testing were below this target temperature.
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Fig. 4: Infiltration crate specimens in the compression testing machine “Ernst HPM 1600”. Left: without wood-fiber insulation boards. Right: with wood-fiber insulation boards.
[bookmark: _Hlk238064246]For the pre-cooled specimens, the maximum compression loads ranged from 447 kN to 479 kN. Based on the specimen base area of 0.64 m², these values correspond to short-term compression strengths ranging from 698 kN/m² to 748 kN/m².
The displacement at the maximum compression load for all seven specimen ranged from 8.3 mm to 9.6 mm, which corresponds to a strain between 2.37 % and 2.74 % of the initial specimen height of 350 mm. These values are well below the maximum strain of 5 % at maximum compressive stress specified for Rigofill ST-A in the French CSTB technical appraisal (CSTB, 2026).
An overview of the test results at ambient temperature is provided in Tab. 1, and of the results at temperatures ≤ 0 °C are summarized in Tab. 2. Both tables include arithmetic means and standard deviations.
Tab. 1: Measured short-term compression strength of the infiltration crates at ambient temperature (13 °C–20 °C)
	Specimen 
	Compression strength
	Displacement
	Strain

	Specimen 1
	520 kN/m²
	9.6 mm
	2.73 %

	Specimen 2
	498 kN/m²
	9.5 mm
	2.70 %

	Specimen 3
	491 kN/m²
	9.4 mm
	2.68 %

	Specimen 4
	458 kN/m²
	8.8 mm
	2.51 %

	Arithmetic mean
	491.3 kN/m²
	9.33 mm
	2.66 %

	Standard deviation
	26.6 kN/m²
	0.36 mm
	0.10 %



Tab. 2: Measured short-term compression strength of the infiltration crates at temperatures ≤ 0 °C
	Specimen 
	Compression strength
	Displacement
	Strain

	Specimen 5
	698 kN/m²
	8.3 mm
	2.39 %

	Specimen 6
	748 kN/m²
	8.8 mm
	2.52 %

	Specimen 7
	725 kN/m²
	8.6 mm
	2.46 %

	Arithmetic mean
	723.7 kN/m²
	8.57 mm
	2.46 %

	Standard deviation
	25.0 kN/m²
	0.25 mm
	0.07 %



Because the pre-cooled infiltration crates, which were intended to be tested at –8 °C specimen temperature, warmed during testing, the maximum compression load could not be measured at the target temperature. Throughout the tests, the surface temperature of the pre-cooled specimens was measured by the pyrometer “Laserliner® ThermoSpot Pro”. Specimen 5 showed the highest temperature increase of all pre-cooled specimens. Its measured surface temperatures during testing are shown in the load-displacement curve in Fig. 5. The temperature was not measured continuously because this would have required removing one of the insulation boards, which would have accelerated specimen warming. Around maximum compression load, the measured surface temperatures of the three pre-cooled specimens were 0 °C, −4 °C, and −4.5 °C.
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Fig. 5: Load-displacement curve of specimen 5, including measured specimen surface temperatures.
The compression loads at –8 °C specimen temperature for the specimens 5–7 were estimated by linear interpolation and ranged from 31.36 kN to 125.44 kN, which corresponds to compressive stresses between 49 kN/m² and 196 kN/m². According to the SLW 30 load model specified in DIN 1072:1985-12, which is commonly used to assess trafficability, an equivalent uniformly distributed load of 16.7 kN/m² shall be applied for vehicles with a total mass of up to 30 t. In addition, an earth cover of 1 m is required. For high-density soil, including the road pavement structure, a conservative unit weight of 24 kN/m³ is assumed (ABG Ltd., 2021; DIN EN 1991-1-1:2010-12), leading to an additional area load of 24 kN/m². Combined with the equivalent uniformly distributed traffic load, this results in a total area load of 40.7 kN/m².
At a specimen temperature of −8 °C, even the lowest estimated compressive stress exceeded this area load by 20.4 %, with compressive strains of less than 0.5 %. It can therefore be assumed that the reduced temperature alone does not preclude the use of the tested infiltration crates in an ice store. This conclusion is further supported by the fact that, for the planned ice store, trafficability for heavy-duty vehicles with a maximum mass of 18 t is sufficient and that, on a volume-averaged basis, the infiltration crates will be exposed to temperatures above −8 °C. The minimum temperature of −8 °C is expected to occur only locally at the contact points between heat exchangers and the infiltration crates.
In fact, lower temperatures resulted in higher short-term compression strengths and lower strains at maximum compression load. This behavior is consistent with the increased brittleness of polypropylene at lower temperatures. The arithmetic mean of the strain at maximum compression load was 7.5 % lower for the specimens tested at lower temperatures than for those tested at ambient temperature. However, the failure behavior differed between the two temperature ranges. At lower temperatures, failure was characterized more strongly by brittle fracture, whereas at higher temperatures it was characterized by pronounced plastic deformation. Nevertheless, failures occurred at compression loads far above those expected in the intended application. The load–displacement curves of all tested specimens are shown in Fig. 6, while photographs of selected specimens after failure are presented in Fig. 7.
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Fig. 6: Load-displacement curves of all tested infiltration crate specimens
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Fig. 7: Failure patterns of selected infiltration crate specimens. 
Left: specimen tested at ambient temperature. Right: pre-cooled specimen tested at ≤ 0 °C.
Although the reduced temperature alone does not preclude the use of the tested infiltration crates in an ice store, it remains to be investigated whether pressure generated by ice formation within their hollow support columns could cause damage. The methodology and results of corresponding investigations are described in the following chapter 3.2.
3.2 Freezing of a hollow infiltration crate support column
In the installed configuration of the infiltration crate ice store, heat exchanger pipes will run between the support columns at each layer of the infiltration crates. As heat transfer medium a brine solution at a temperature below 0 °C will circulate through these pipes to freeze the ice store. As a result, the water-filled hollow support columns will freeze from the outside inward and from their ends toward the center, see Fig. 8. The expansion of the ice within the columns could generate pressure on the column walls. A laboratory test was therefore conducted to determine whether the freezing process described above could cause damage to the support columns.
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Fig. 8: Ice formation at an infiltration crates’ hollow support column
Fig. 9 shows the mounting arrangement of the support column and heat exchanger pipes used in the test. The support column was taken from a “Rigofill ST-S” infiltration crate, which is identical in design to the “Rigofill ST-A” crates used in the compression tests but has a 15.7 % lower compression strength due to a slightly different composition of the PP material (DIBt, 2026; Fränkische, 2025).
The left image in Fig. 10 shows the test setup, in which the support column was installed in a water-filled test chamber, while the right image shows the resulting ice formation. In subsequent tests, additional heat exchanger pipes were installed around the central section of the support column. Brine was circulated through these pipes after the ends of the column had been sealed by ice, ensuring that the central section of the support column was completely frozen. These subsequent tests were intended to represent the most critical condition with respect to pressure buildup inside the support column that could occur within an infiltration crate ice store. The heat flow rate and the ice growth rate were not determined.
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Fig. 9: Mounting arrangement of the support column and heat exchanger pipes for the freezing test. 
Left: 3D model. Right: photograph.
	[image: ]
	[image: ]


Fig. 10: Left: Test setup for the freezing tests before ice formation. Right: Visible ice formation around the heat exchanger pipes and the support column.
However, no damage to the support column was observed after a total of eight freeze–thaw cycles. This may be attributed to the conical shape of the column, which allows the ice to be displaced more easily. In addition, the ice layer surrounding the support column may have absorbed part of the forces generated by ice formation within the column, thereby reducing the load on the column wall. The deformability of the PP material may also have contributed to accommodating part of the stresses caused by ice expansion.
The results obtained with this simplified test setup indicate that ice formation within an infiltration crate ice store might occur without causing damage. However, further tests using a full-scale infiltration crate ice store configuration are required to confirm these findings. In such a configuration, the ends of the support columns are less permeable because they are bounded by adjacent infiltration crates, unlike in the simplified test setup.
Conclusion and outlook
The investigations conducted within the “innoBeLs” project show that several alternatives to conventional concrete ice store tanks may offer technical, economic, and environmental advantages. The concepts considered include pit thermal energy stores, gravel-water and soil-water pit thermal energy stores, infiltration crate stores, extruded polymer profile stores, large-diameter polymer pipe stores and cascaded small-tank stores. Each concept requires further development in specific areas, including trafficable covers, load-bearing heat exchanger structures, material selection, structural stabilization, manufacturing processes and heat exchanger integration. 
The experimental investigations presented in this paper focused on infiltration crates, as their use in ice stores requires verification of their structural behavior at temperatures at or below 0 °C. The tested “Rigofill ST-A half block” infiltration crates exhibited short-term compression strengths of 458–520 kN/m² at specimen temperatures between approximately 13 °C and 20 °C and 698–748 kN/m² for the specimens at temperatures between −9 °C and 0 °C. The displacement at maximum compression load remained below the maximum strain of 5 % at maximum compressive stress specified for “Rigofill ST-A” in the French CSTB technical appraisal (CSTB, 2026) for all specimens.
Lower specimen temperatures resulted in higher short-term compression strengths and slightly lower strains at maximum compression force. However, the failure behavior became more brittle as the temperature decreased. Although failure occurred only at loads well above those expected during operation, the increased tendency toward brittle fracture must be considered in the further development and structural assessment of the concept.
Because the specimens could not be actively cooled during testing, the surface temperature of the specimens pre-cooled to between −19 °C and −18 °C increased before and during the tests, reaching up to 0 °C. The primary target temperature was −8 °C. At this temperature, the specimens had not yet reached their maximum compression load. 
Even the lowest compressive stress at −8 °C exceeded the minimum required combined area load of 40.7 kN/m² by at least 20 % at compressive strains below 0.5 %. This area load comprises the load from a total cover depth of 1 m comprising soil and road pavement and the equivalent traffic load of the SLW 30 load model specified in DIN 1072:1985-12. The SLW 30 load model represents a heavy-duty vehicle with a mass of 30 t.
The required trafficability of the planned ice store is less demanding than the SLW 30 load model because vehicles with a maximum mass of 18 t are considered sufficient. Moreover, only a small portion of the infiltration crates will reach temperatures as low as −8 °C. These results therefore indicate that reduced operating temperatures alone do not preclude the use of the tested infiltration crates in an ice store.
However, in addition to the effects of low temperatures, ice formation may induce mechanical stresses in the infiltration crates due to the expansion of freezing water. Laboratory-scale freezing tests were therefore conducted on a hollow support column of the selected infiltration crate type. These freezing tests showed that ice formation within the hollow support column did not cause visible damage during eight freeze–thaw cycles. This also applied when the ends of the column were first sealed by ice and the central section was subsequently frozen to represent a critical pressure buildup scenario. The conical geometry of the support column and the surrounding ice layer may have limited the mechanical loading of the column wall.
Overall, the results support the technical feasibility of using infiltration crates as structural elements in innovative underground ice stores. Nevertheless, the findings are based on a simplified load and freezing setup used for testing. Further investigations should therefore include tests on a full-scale infiltration crate assembly under representative boundary conditions, particularly with adjacent crates restricting the ends of the hollow support columns. Long-term cyclic loading, repeated freeze–thaw operation, temperature-dependent material behavior, and the interaction between the crates, heat exchanger pipes, watertight liner, cover structure and surrounding soil should also be investigated before the concept is implemented as a commercially viable product.
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