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Abstract 

The seasonal performance of heat pump systems can be increased by using ground-based heat sources like 
geothermal wells, horizontal ground collectors, or groundwater wells. For sites with restrictions on ground-
based heat sources or limited property areas, a heat pump system with building-integrated heat sources is used 
to achieve high energy efficiency. 
A solar absorber integrated into the façade of a building regenerates a horizontal ground collector thermal 
energy storage located beneath the building, which serves as a heat source for the heat pump. The ground 
collector's area is limited by the size of the building's ground floor and therefore used as medium-term storage. 
To complement the contribution of the two building-integrated heat sources, an ambient air heat exchanger is 
integrated in the system. A simulation model of the system is used to optimize the use of available ambient 
heat sources throughout the entire heating season. 
Due to its position underneath the building, freezing of the underground heat storage must be avoided. 
Therefore, a variable-speed heat pump is used to operate with reduced heat extraction, enabling a deeper 
discharge of the storage while keeping the brine loop outlet temperature above freezing. Control strategy setups 
for optimal utilization of the heat sources, including a night setback of the heat supply, are developed.  
The proportion of the underground heat storage relative to the other ambient heat sources increases from 40 % 
for a single-speed heat pump to 52 % for a variable-speed heat pump and to 61 % when the night setback is 
applied. Through the increased utilization, less heat extraction from ambient air is required on cold winter 
days, resulting in an increase of the seasonal performance from 3.99 to 4.63 and 4.91, respectively. 
The heat pump system is compared with an air-source heat pump with a seasonal performance of 4.29. 
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1. Introduction 

Electrical heat pumps play an important role for the transformation of the heating sector. As their efficiency 
rises with higher heat source temperatures, ground-sourced heat pumps are preferable to air-source heat pumps 
[1]. Contrasting to this, 92 % of the newly installed heat pumps in Germany are air-source heat pumps [2]. 
This is due to lower investment cost and easier installation compared to ground-source heat pumps. In addition, 
there are other restricting factors for ground-source heat pumps, like an unsuitable ground structure, local 
regulations for the use of ground water or deep geothermal wells, or limited size of the ground area, restricting 
the use of horizontal ground collectors. 

In order to overcome these limitations and achieve a high seasonal efficiency, a heat pump system with 
multiple heat sources is developed. The system comprises three building-integrated heat sources, namely an 
ambient air heat exchanger “AAHX”, a massive solar thermal collector “MSTC”, as reviewed in [3-4], and a 
ground collector thermal energy storage “GCTES”. The GCTES is installed underneath the building and is 
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restricted to the size of the ground slab of the building above. Its heat content is further limited by the 
requirement that the surrounding earth must not be frozen in order to prevent damage to the building's structure. 
The GCTES offers the highest heat source temperature compared to the other heat sources on cold winter days. 
However, its heat content is restricted. Therefore, in order to ensure the effective operation of the heat pump 
system with multiple heat sources, it is necessary to incorporate different aspects into the control strategy. In 
general, due to its limited heat content, underground heat storage must be withheld for the purpose of utilizing 
it during the colder winter days. Yet, as long as the storage remains at an elevated temperature, regeneration 
of the GCTES by solar heat gained by the MSTC is hindered, resulting in a reduced contribution of the 
underground heat storage relative to the other ambient heat sources on an annual basis. Thus, an operating 
strategy must be developed for coordinated utilization of all ambient heat sources, aiming at maximum 
seasonal performance of the heat pump system. For this purpose, a medium-term heat storage management is 
applied instead of a seasonal approach, aiming at maximum inter-seasonal regeneration allowing for 
continuous availability of the underground heat storage to avoid air-sourced operation of the heat pump during 
severe winter conditions.  

This paper describes the system concept for the heat pump system, which has been realized in a pilot 
installation with monitored operation since November 2020. To optimize the control strategy of the system, a 
simulation model is developed that considers both the individual components validated with measurement data 
and their interaction within the system. Different options for the control strategy of the system are described. 
Based on the results of the system model, the question is discussed whether a variable-speed heat pump – as 
opposed to a single-speed heat pump – as well as a night setback of the heat supply, would facilitate enhanced 
heat extraction from the underground heat storage. This, in turn, is hypothesized to result in increased inter-
seasonal regeneration of the storage and higher seasonal performance of the heating system. 

2. System concept 

Aiming at a high heat pump system efficiency, an air-source heat pump system is extended by two additional 
heat sources. The three heat sources are connected to the brine/water heat pump via a brine circuit. The AAHX 
is constructed like in a regular air-source heat pump but uses brine as a heat transfer fluid instead of direct 
evaporation of the refrigerant of the heat pump. The MSTC is constituted by the outer shell of a concrete-
sandwich prefabricated wall, which is equipped with a PE tube meander to facilitate heat extraction by the 
brine loop, as described in [5]. It comprises three wall modules with an overall surface area of 37,8 m². The 
façade elements are not glazed and therefore reach only medium-high temperatures, which allows for the 
integration in a heat pump system. The MSTC is well suited for architectural integration, as the façade 
integrated collector cannot be differentiated from the other wall surfaces without thermal activation. The 
MSTC is either used directly as a heat source for the heat pump or, more importantly, is used for the 
regeneration of the GCTES. According to the footprint of the building, the GCTES covers an area of 180 m², 
activated by a horizontal PE-piping with three parallel circuits of 100 m length each. As it is located underneath 
the building, it must be actively regenerated, unlike traditional ground collectors where solar radiation 
passively regenerates the ground around the collector during the summer season. The thermal capacity of the 
GCTES is determined by the covered ground area and the properties of the underground. As freezing the 
ground around the collector would damage the building the heat extraction from the storage is limited in terms 
of heat content and momentaneous heat flow. Consequently, it cannot serve as the only heat source for the heat 
pump throughout the heating season but must be supplemented by alternative ambient heat sources. During 
moderate ambient conditions, ambient air can be utilized as ambient heat source, allowing for efficient 
operation of the heat pump. Simultaneously, the GCTES can be regenerated during the heating season, 
resulting in a medium-term loading/unloading regime, instead of a purely seasonal cycling of the storage. 

As a consequence of the increased annual heat output the economic efficiency of the GCTES is improved 
by means of the medium-term cycling with repeated regeneration during the heating season as compared to 
pure seasonal cycling. The system concept is depicted in Figure 1, showing the three heat sources for the heat 
pump and the regeneration of the GCTES by the MSTC. 

The system is installed and investigated in a pilot plant. The hydraulic scheme of the plant is shown in 
Figure 2. The system provides heating for two building sections (“old” and “new”) via two separate heating 
circuits. The heat sources AAHX, MSTC, and GCTES are connected to the heat pump via a Zortström energy 
center [6]. Acting as a hydraulic switch it allows for different hydraulic configurations of the heat sources for 
the heat pump. Every heat source can be used alone or parallel or in series to one or two other heat sources. 
During air-sourced operation of the heat pump, the AAHX is coupled to the evaporator of the heat pump via 
the two bottom sections of the Zortström energy center. Simultaneously, heat gained by the MSTC can be 
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transferred to the GCTES for regeneration via the two top sections of the Zortström energy center. Further 
information about the pilot plant and the analysis of the operating data can be found in [7, 8]. 

 

Figure 1. Schematic of the heat pump system with three heat sources. 

 

Figure 2. Hydraulic scheme of the heat pump system with three heat sources. 

3. Modelling of the heat pump system 

A theoretic model has been set up for analysis and optimization of the performance of the heat pump system 
with three heat sources, based on the software Engineering Equation Solver (EES). The heat load of the 
building and the thermal performance of the three heat sources were validated with reference to real-life data 
of the pilot plant. As a basis for the ambient weather conditions the test reference year “TRY” [9] for a location 
in the region of Nuremberg, Germany, is used.  

In the following sections the models for the different system components are presented, which are then 
interlinked to represent the interaction of the system components within the heat pump heating system. 

3.1. MSTC 

The MSTC is formed by the outer shell of a prefabricated concrete sandwich wall. The wall structure is 
shown in Figure 3 where the outer concrete layer incorporates the heat carrier pipes for the extraction of the 
solar thermal heat gain. The insulation and inner concrete wall are shown without scale. On the surface of the 
MSTC radiation and heat transfer takes place, as shown in Figure 3.a. The solar yield 𝑞̇𝑞𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 of the MSTC 
results from a balance of the short-wave radiation 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, the long-wave radiation 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦, and the convective heat 
flow 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐, as defined in Eq. 1.  
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 𝑞̇𝑞𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 + 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐   (1) 

The short-wave radiation 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is calculated by Eq. 2, where the absorption coefficient 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 for short-wave 
radiation is 0.66 for gray concrete surfaces, according to [10]. The total shortwave radiation on the vertical 
absorber surface consists of the direct radiation 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑 , the diffuse radiation 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  and the radiation 
reflected from the ground 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 on the inclined surface, see Eq. 2. 

 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 = 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ (𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑 + 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) (2) 

The exchange of long-wave radiation 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 between two bodies is calculated in Eq. 3 and according to [11]. 
Here, the environment is formed by the sky and the ground, which are considered to be black bodies, with 
emission 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦, and 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑦𝑦𝑦𝑦, while the absorber is a gray body with emissivity 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 and absorptivity 
𝛼𝛼𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠  equal to 0.95. 𝜎𝜎𝜎𝜎  is the Stefan-Boltzmann constant. 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦  is estimated according to [12] and [13], 
whereas the surface temperature of the surrounding earth 𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑦𝑦𝑦𝑦 is obtained from the model of the GCTES.  

 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 1
2
∙ 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦 + 1

2
∙ 𝐸𝐸𝐸𝐸𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑦𝑦𝑦𝑦 = −𝜎𝜎𝜎𝜎 ∙ 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 ∙ (𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠4 − 1

2
∙ 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑦𝑦𝑦𝑦4 − 1

2
∙ 𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑦𝑦𝑦𝑦4 ) (3) 

Depending on the ambient temperature 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎 compared to the absorber temperature 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠, the convective heat 
flow 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐  (Eq. 4) is either a heat gain or heat loss. The effective heat transfer coefficient of convection αconv 
results from a superposition of natural and forced convection due to buoyancy and wind, respectively. As given 
in [14] and [15], the exponent n=3 is used for super-positioning natural and forced convection.  

 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐  = −𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐 ∙ (𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎) = −�𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛3 + 𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
33 ∙ (𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎) (4) 

From the surface of the MSTC the heat 𝑞̇𝑞𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 is conducted to the core of the concrete layer. Eq. 5 
determines the energy balance for the central node with temperature 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 of the resistance model in Figure 
3.b, see also [10,14]. Where 𝑞̇𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 is the thermal power conducted to the collector pipes and exchanged to 
the heat transfer fluid for further distribution to the heat pump or GCTES. 𝑞̇𝑞𝑞𝑞𝑎𝑎𝑎𝑎 or 𝑞̇𝑞𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 is the heat 
conduction to or from the inside of the building. 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the heat that remains in the concrete and is 
stored for following time steps. It can also be negative, when the heat is extracted by the heat carrier or lost 
via the absorber surface. 

 𝑞̇𝑞𝑞𝑞𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦  = 𝑞̇𝑞𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 + 𝑞̇𝑞𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟 + 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (5) 

  

Figure 3. a. Heat and radiation exchange at the surface of the MSTC; b. resistance model of the MSTC. 

3.2. GCTES 

For modeling the behavior of the underground heat storage (GCTES), a finite volume approach is applied. 
The core volume underneath the building is divided into nine horizontal layers (layers 0...8) with increasing 
thickness. Below the bottom layer an isothermal situation with annually constant temperature of 11 °C is 

b. a. 
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assumed. In the surrounding of the building, six cells with increasing length follow until undisturbed conditions 
are assumed forming the boundary condition in horizontal direction. 

The collector tubes are positioned in the center of layer 0. A shape factor according to [16] in Eq. 6 and 7 
is used for the conductive heat transfer from the heat carrier tubes to the planar surface of the underlying soil 
cell. The thermal power 𝑄̇𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 is dependent on the conductivity of the ground 𝜆𝜆𝜆𝜆, the shape factor 𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦, the length 
of the pipe l and the temperature difference between the surface of the collector tube 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 and the temperature 
of the first planar cell below the collector 𝑇𝑇𝑇𝑇[0; 0]. 

 𝑄̇𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑  = 𝜆𝜆𝜆𝜆 ∙ 𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦 ∙ 𝑙𝑙𝑙𝑙 ∙ (𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑇𝑇[0; 0]) (6) 

 𝑆𝑆𝑆𝑆𝑦𝑦𝑦𝑦 = 2𝜋𝜋𝜋𝜋
𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓
𝛿𝛿𝛿𝛿 +𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝛿𝛿𝛿𝛿
𝜋𝜋𝜋𝜋𝑓𝑓𝑓𝑓

 (7) 

Inside the storage heat is distributed vertically to lower layers of the storage and horizontally to the 
surrounding earth. Due to the rectangular footprint of the building a three-dimensional problem is given. 
Nevertheless, in order to reduce the computational effort, a rotationally symmetric geometry has been selected, 
thus enabling a simplified two-dimensional geometric calculation. The core volume of the storage underneath 
the building is formed by a cylindric volume with identical outer surface area in contact to the surrounding soil 
as compared to the cubic volume of the real underground storage volume. To limit the computational effort, 
the dimensions of the cells grow stepwise by a factor of 1,435 in vertical and by 1.5 in horizontal direction. In 
ten meters depth the boundary layer is considered isothermal at 11 °C and in horizontal direction in a distance 
of 10,47 m the vertical temperature profile is assumed to be undisturbed, i.e. he ground temperature exhibits a 
characteristic oscillation that follows the annual cycle of weather conditions. Propagation of the heat flow is 
modelled by a forward explicit difference method. Attention is paid to the stability of the calculation by 
adhering to the Fourier number.  

 
Figure 4. Cross-section the ground with the building top left, the GCTES underneath, surrounding earth and the boundaries at the 

bottom and the undisturbed earth on the right. 

In addition to the heat flow induced by the ground collector heat exchanger circuit, the model incorporates 
the coupling of the surrounding earth with the momentaneous ambient weather situation. At the surface layer, 
with temperatures T[-4;1]… T[-4;7], exchange of radiation and convective heat transfer take place as shown 
in Figure 5, calculated according to [17]. The situation is similar to the radiative and convective mechanisms 
occurring at the surface of the vertical concrete wall. As the ground is horizontal, long-wave radiation is only 
exchanged with the sky, and superposition of natural and forced convection does not apply for the situation 
given. Instead, the maximum of the respective heat transfer coefficients is used to determine the convective 
heat exchange in Eq. 8 with surface temperature of the earth 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 and ambient temperature 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎.  

 𝑞̇𝑞𝑞𝑞𝑐𝑐𝑐𝑐  = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓;𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛) ∙ (𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎) (8) 
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To accurately determine the temperature of surface layers up to one meter depth, the phase change of the 
contained moisture of the earth and the associated latent heat are considered. 

 

Figure 5. Exchange of heat and radiation at the surface of the earth around the GCTES. 

3.3. AAHX 

The AAHX represents a finned tube heat exchanger. Its thermal model has been based on the formulation 
for tube bundles with continuous fins, as given in [16].  

The occurrence of frost in the AAHX during humid and cold ambient conditions is considered to make a 
significant contribution to the lower efficiency of air-source heat pumps in comparison to ground-source heat 
pumps. When a frost layer forms on the outer surface of the fins, the heat transfer in the AAHX decreases due 
to the increase of the thermal resistance and the reduced air flow rate, both induced by the blockage of the fins 
by the frost layer. In addition, a defrosting mode has to be activated repeatedly to remove the frost layer, 
resulting in additional energy consumption and a further decrease of the energetic efficiency.  

In the system model, the additional electric demand for defrosting the AAHX is accounted for by a reduction 
of the COP, obtained from the heat pump model for operation without activation of the defrosting procedure. 
Referring to [18], a reduction of the COP from 11 % to 21 % occurs, depending on the operating conditions 
given by the temperature and humidity of the ambient air and the supply temperature of the heating system. 

Considering the defrosting procedure to have the dominating influence on the efficiency of the heat pump, 
the decrease of the COP during continuous operation induced by the formation of frost is neglected in the 
system model. This conservative approach is chosen in order to avoid an overly optimistic judgement of the 
innovative heating system relative to a purely air-sourced heat pump. 

3.4. Building 

The building comprises a new building section with 180 m² and high insulation standard and an existing 
building section with 100 m² and lower insulation standard, both are heated by activated ceilings. The heating 
load of the building is determined using the envelope area method [19]. The heating circuit supply temperature 
is dependent on the ambient air temperature. According to its higher specific heat demand, the heating curve 
for the old building determines the temperature set point for the heat pump. At lowest ambient temperature, 
i.e. at the design point, a maximum supply temperature of 37 °C must be provided. 

3.5. Heat pump 

For the description of the operation of the heat pump under variable operating conditions a model based on 
key figures for the efficiency of the compressor, the selected refrigerant, and the heat exchange in evaporator 
and condenser of the heat pump is applied [20]. The model provides the COP of the heat pump, resulting from 
the outlet temperatures of the brine and the heating circuit at evaporator and condenser, and the heating load. 

Starting from the temperatures of the heat carriers, the internal temperature levels of evaporation and 
condensation are determined by gradient model which describes the closest approach between refrigerant and 
external heat carrier: For the temperature difference between condensation and heating circuit fluid a closest 
approach of 1 K is assumed, considering the contribution of the superheated refrigerant entering the condenser. 
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The closest approach temperature at the evaporator between brine outlet and evaporation varies proportionately 
with the load, starting from 5 K in full load. This refers to latest advancements where the superheating of the 
refrigerant in the evaporator is accomplished by subcooling the refrigerant leaving the condenser [21]. 

A scroll compressor for the refrigerant R290 of suitable size was selected for the heat pump model. Its 
efficiency is described by compressor polynomials, as provided by the manufacturer according to 
DIN EN 12900 [22]. The efficiency of the compressor is obtained depending on the process-internal 
temperatures of evaporation and condensation, and the part load state of the heat pump. With the characteristics 
of the refrigerant, an efficiency value is employed, describing the loss in efficiency that is induced by the 
isenthalpic throttling process of the real heat pump cycle relative to the isentropic optimum.  

3.6. System model – control strategy 

In order to optimize the control strategy of the system, a simulation model has been developed that combines 
the previously described models into a single system model. To this end, four distinct control strategy setups 
have been developed and compared: 

a) Heat source: AAHX | variable-speed heat pump 
b) Heat sources: AAHX, MSTC, GCTES | single-speed heat pump 
c) Heat sources: AAHX, MSTC, GCTES | variable-speed heat pump 
d) Heat sources: AAHX, MSTC, GCTES | variable-speed heat pump with night setback (compressor 

speed reduction). 
Case a describes a conventional air-source heat pump system, serving as reference. In cases b, c, and d, all 

three heat sources AAHX, MSTC, and GCTES are active, with different configurations of the heat pump. In 
order to enhance the contribution of the GCTES, a variable-speed heat pump is applied in cases c and d. In 
case d, a night setback is applied by reducing the load of the heat pump. This configuration represents the most 
complex control strategy, as illustrated in Figure 6.  

In general, the control strategies for the cases b, c, and d have two fulfill two central tasks, i.e. the selection 
of the ambient heat source for heat input into the evaporator of the heat pump, and the regeneration of the 
GCTES by the solar heat gain of the MSTC. The upper section of Figure 6 deals with situations in which the 
building does not require any heating. Then, regeneration is activated when the following criteria (C1) are 
fulfilled: the temperature of the MSTC 𝑇𝑇𝑇𝑇𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is two Kelvin (𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) higher than the temperature of the GCTES 
𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆, enabling the heat transfer from the solar absorber to the thermal storage. And the absorber temperature 
𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 is higher than the ambient air dewpoint 𝑇𝑇𝑇𝑇𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦, guaranteeing that no dew is formed on the surface of the 
MSTC. Else, regeneration is not possible and the system is on standby.  

In the lower section of figure 6, the heat source for the heat pump is determined, while simultaneously 
regeneration of the GCTES is activated if possible. Thus, in a first step the possibility of recharging the GCTES 
is checked, guided by the same criteria C2 as in the situation without heating load (C1). If criteria C2 are 
fulfilled, regeneration of the GCTES is activated and the AAHX is utilized as ambient heat source. 

If no regeneration is possible, a sequential routine is started for selection of the ambient heat source, giving 
the MSTC the highest priority over the GCTES and the AAHX. The criteria for the use of the MSTC are 
formulated in C3: The temperature of the MSTC must be higher than the temperature of the AAHX 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. 
And again, for esthetical reasons the MSTC must stay above the dewpoint. Subcriterion C3a determines that 
the MSTC acts as the sole ambient heat source, if its temperature is higher than the temperature of the 
underground heat storage GCTES. Otherwise, the MSTC and the GCTES can be used jointly in a serial 
configuration, where the brine is preheated by the MSTC before extracting heat from the GCTES. The criteria 
for this mode, formulated in Subcriterion C3b, result from the temperature gradients at both heat exchangers: 
The temperature of the GCTES has to qualify the GCTES as the best heat source, and the temperature of the 
MSTC is only 1.5 K (𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇) below the GCTES.  

For the GCTES to be used as the best heat source, different aspects have to be taken into account, as 
formulated in C4: The GCTES offers ambient heat at higher temperature level than the AAHX and the brine 
temperature passing through the GCTES stays above freezing (𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) in order to avoid a damage of the 
building. Finally, the heat extraction from the GCTES must be controlled to retain sufficient heat content for 
colder weather periods. For this purpose, a temperature limit 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 is incorporated in the control strategy. 
When the ambient air is above the temperature limit 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 the AAHX provides ambient heat at sufficiently 
high temperature, enabling efficient operation of the heat pump. Even if the GCTES offers a higher temperature 
level, the heat content of the GCTES is withheld for colder winter days. Different set-values for the temperature 
limit 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 have been analyzed in [8].  
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Subcriteria C4a and C4b are used to maximize the utilization of the GCTES: The temperature of the brine 
at the outlet of the GCTES (𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆;𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) may not drop below 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑;𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (0 °C) to avoid frost around the 
collector tubes. If this criterion is violated during regular operation of the heat pump, a night setback is 
activated by operating the heat pump with reduced speed of the compressor, resulting in a reduced heat 
extraction from the GCTES and a closer approach of the brine temperature to the frost limit. The activation of 
the night setback is restricted to nocturnal hours from 10 pm to 9 am. 

If none of the other heat sources are chosen, the AAHX is used as heat source for the heat pump. This is the 
case, when the AAHX is the optimal heat source or when the other heat sources are not available and the 
AAHX serves as backup.  

 
Figure 6. Flow chart for control strategy setup d. 

4. Results and Discussion 

The research goal for the different control strategy setups is to determine whether an increased heat 
extraction from the heat storage, trough discharging the storage to lower temperatures, results in a higher 
seasonal efficiency of the heat pump system. As the GCTES must be protected from frost, a reduction in the 
thermal power of the heat extraction allows for a closer temperature approach of the brine and the heat storage. 
The GCTES reaches lower temperatures, allowing an enhanced for contribution of the GCTES as ambient heat 
source for the heat pump. Therefore, the results for the system with all three heat sources and a single-speed 
heat pump (b) are compared to a configuration with a variable-speed heat pump (c), which operates with 
variable thermal power of heat extraction according to the heating load of the building. In control strategy 
setup d, a night setback is used in cold winter nights. The heat extraction is reduced below what is necessary 
to provide the heating load of the building. This allows for extended usage of the GCTES instead of the AAHX, 
which improves the COP. The deficit in heat supply to the building due to the night setback is compensated 
for over the course of the forthcoming day. As a comparison the system configurations b, c, and d comprising 
all three heat sources is contrasted with a system containing solely the AAHX as an ambient heat source (a). 

The results for the annual temperature of the GCTES, show a decreased GCTES temperature level during 
the heating season for the cases with variable-speed heat pump (c and d) compared to the single-speed heat 
pump (b). The operation mode with night setback (d), allows for a further decrease in the GCTES temperature. 
Figure 7 (left) shows a comparison of the GCTES temperature in the top elemental cell T[0; 0]. Figure 7 on 

 C2    

C3 C3a 

C3b 

C4 
C4a 

C4b 

 C1    

15th IEA Heat Pump Conference 2026 - IGS5.3 - https://doi.org/10.23697/6c6e-g415

https://doi.org/10.23697/6c6e-g415


15th IEA Heat Pump Conference 2026   

 

 9 

the right shows the temperature of the GCTES in all nine layers below the collector for setup d. For the deeper 
ground layers, a stronger temporal delay of the heat extraction and regeneration in dependence on the distance 
to the collector in the top layer is identified, with the nineth cell being isotherm at 11 °C. 

 

 

Figure 7. Comparison of the temperatures in the first cell T[0; 0] in setup b, c and d (left) and GCTES temperatures for control strategy 
setup d for elemental cells to 10 m depth (right). 

The lower the minimum level of the GCTES temperature, the higher is the potential for overall heat 
extraction from the GCTES. This is due to the higher seasonal temperature oscillation between charged and 
discharged state of the storage, resulting in a higher heat content in the course of a seasonal storage cycle. In 
addition, a lower temperature level of the GCTES facilitates inter-seasonal regeneration by solar yields from 
the MSTC, and simultaneously supports the geothermal yield obtained by heat conduction from the 
surrounding earth. The inter-seasonal regeneration has been analyzed by the author in [8].   

 
 

 
 
  

 
 

 

Figure 8. Heat provided by the heat sources for the heat pump in kWh and %. 

Resulting from the different temperature profiles of the GCTES, the amount of heat extracted from the 
GCTES is increased by applying a variable-speed heat pump (c) and further by applying the night setback (d) 
relative to the reference setup a (pure air-source heat pump) and setup b (fixed-speed heat pump), as shown in 
Figure 8. The direct contribution of the MSTC as a heat source is comparatively low, relative to the other heat 
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sources. This is due to the intention to use the MSTC mainly for the regeneration of the GCTES, which reduces 
the usage as a heat source. The lower the GCTES temperature, the more heat from the MSTC can be used for 
regeneration, and thus is not available as a heat source for the heat pump.  

The higher the usage of the GCTES and MSTC the lower the heat provided by the AAHX as backup heat 
source. Depending on the time of usage of the AAHX and the corresponding ambient air temperatures, 
operation of the heat pump with low heat source temperatures and therefore low COPs can be reduced. 

The control strategy in setup d is aiming to replace the AAHX as a heat source for the heat pump during 
cold winter nights. The difference during operation between setup c and d is shown in Figure 9. The heat source 
temperatures 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎  and 𝑇𝑇𝑇𝑇[0; 0] , the fluid temperatures 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴;𝑦𝑦𝑦𝑦𝑔𝑔𝑔𝑔 , 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴;𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆;𝑦𝑦𝑦𝑦𝑔𝑔𝑔𝑔  and 𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆;𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 
(bottom), the heating load of the building 𝑄𝑄𝑄𝑄ℎ and reduced heating load 𝑄𝑄𝑄𝑄ℎ𝑑𝑑𝑑𝑑 (middle) as well as the COP 
(top) are displayed. Apart from identical weather conditions, for both setups the GCTES temperature was set 
to the same starting conditions in order to enable a fair comparison. 

In setup c the GCTES is unable to meet the heating load during the night-time hours, since the brine 
temperatures would be too low for a frost-safe operation. The AAHX is used as the backup heat source. As the 
ambient air temperatures are severely cold, especially in the second night, the COP drops during nighttime. In 
setup d, during the specified night hours, the GCTES is used as a heat source, but with a reduced heat extraction 
from the GCTES. Due to the higher temperature of the heat source, a higher COP than in setup c is attained. 
Following the nighttime period, the deficit of the heat supply is balanced by a higher load of the heat pump 
during the daytime, when ambient air temperatures are higher. During this balancing phase the COP is lower 
than in the scenario without night setback. As the GCTES is used more intensely in setup d, a larger amount 
of heat is extracted, resulting in a stronger decrease of the temperature of the GCTES than in setup c.  

As a conclusion regarding the shown operating period, it is found that in setup d the GCTES is only used 
during the night setback phase. In contrast, in setup c. the GCTES can’t be used during the night to avoid frost. 
It is then used during the day, when elevated ambient air temperatures would also allow for efficient operation 
of the heat pump in air-sourced mode. Finally, when the entire period of severely cold winter days shown in 
Figure 9 is evaluated, an increase of the COP from 2.73 for setup c to 3.47 for setup d is found. 

and   

Figure 9. COP (top), heating load and reduced heating load (middle), and heat source and corresponding fluid temperatures (bottom) for 
control strategy setup c (left) and d (right). 

As the control setups with a variable-speed heat pump allow for an increased annual heat extraction from 
the GCTES, the timing of the usage has a strong influence on the improvement of the system. In Figure 10 the 
monthly sums of the heat provided by the respective heat sources is shown for the four control strategy setups. 
Comparing the setups with all three heat sources, the amount of heat from the GCTES rises from setup b to d 
during the cold winter month December till March. Also, more inter-seasonal regeneration of the GCTES by 
the MSTC (MSTC regeneration) takes place, because of the lower GCTES temperatures.   
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Figure 10. Thermal energy for all heat sources and monthly average COP. 

The difference of the temperature levels of the ambient heat sources lead to diverging COP values for the 
four control setups. The monthly average COP of the four control strategy setups are compared in Figure 11. 
Control strategy setup b shows the lowest monthly average COP values, where the high compressor speed of 
a single-speed heat pump results in higher thermal power for the heat extraction and therefore lower 
evaporation temperatures. Even then, the high GCTES temperatures in September and October allow for a 
higher COP compared to setup a with only the AAHX as a heat source. Setup c and d have both higher monthly 
average COP values than in setup a. When investigating the effect of the night setback, a higher COP is found 
for setup d during cold winter month December till March, due to higher and more efficient utilization of the 
GCTES. On the other hand, a lower COP is achieved in spring, when the GCTES is still colder in setup d than 
in setup c. Overall, the seasonal coefficient of performance “SCOP” is lowest for setup b equal to 3.99, while 
the SCOP for reference configuration (setup a) is 4.29. Best efficiencies are achieved by setup c with SCOP 
4.63 and setup d with SCOP equal to 4.91, proving an increased SCOP for higher usage of the GCTES. 

       
 

Figure 11. Monthly average COP for the four control strategy setups. 

5. Conclusions 

In this paper an air-source heat pump system supported by two additional ambient heat sources has been 
investigated. The effect of different modes of operation has been assessed to optimize the contribution of a 
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ground collector thermal energy storage (GCTES) regenerated by a massive solar thermal collector (MSTC). 
It was found that, a variable-speed heat pump allows for lower GCTES temperatures and higher heat extraction 
from the GCTES. Further, the introduction of a night setback by operating the heat pump with reduced 
compressor speed allows for extended use of the GCTES during cold winter nights and thus avoids less 
efficient air-sourced operation of the heat pump. Based on these improvements, the heat extraction from the 
GCTES is increased, supported by inter-seasonal solar and geothermal regeneration, and the entire system 
reaches an improved seasonal performance compared to a purely air-based heat pump system. 
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