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Abstract:  The article presents an evaluation of the performance of a ground-source heat pump system 

designed to maintain a specific temperature regime within a biogas bioreactor. The novelty and distinctive feature 

of the installation lie in its use of renewable thermal energy sources. For the first time, a system with an external 

ground-source heat pump circuit consisting of four boreholes with copper U-shaped tubes through which the 

coolant circulates has been developed. The system's design, operating principle, and technical specifications are 

described. An assessment of the thermal energy output, accounting for the efficiency characteristic of the external 

circuit of a ground-source heat pump is shown. 
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1. Introduction 
 

In the context of global climate change and depletion of natural resources, the transition to sustainable 

energy sources such as biogas is becoming a necessary condition for ensuring energy security and 

environmental sustainability. Indeed, a significant portion of industrial and household organic waste can serve 

as feedstock for the production of biogas and biomethane, paving the way for one of the most promising and 

vital trends in the evolution of the modern energy sector [1-9]. 

Biomethane and biogas, produced through the anaerobic digestion of organic waste (manure, sewage 

sludge, food waste, agro-industrial by-products, biological residues, etc.), possess significant energy value, as 

they can be used as fuel or for the generation of electricity and heat. The environmentally safe processing of 

agricultural waste to produce biogas makes it possible to minimize carbon emissions, reduce dependence on 

fossil fuels, and cut operating costs [10]. Producing biogas from waste as an effective solution for mitigating 

negative environmental impacts represents a significant step toward adopting renewable energy sources and 

establishing a sustainable global energy system [2, 7]. Along with agricultural waste, kitchen waste from 

catering establishments also serves as a promising substrate for decentralized biogas production, facilitating 

the implementation of circular economy principles and providing a cost-effective solution to energy supply 

and waste management issues on university campuses [6]. It is essential to adopt advanced anaerobic digestion 

technologies that optimize traditional digestion systems at wastewater treatment plants and waste processing 

facilities. These innovations—such as thermal hydrolysis and staged digestion—encompass pretreatment 

methods and system modifications that boost biogas yields and enhance bio-waste processing. Hundreds of 

biomethane production facilities have been established and are successfully operating in many countries, 
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integrating it into their national energy systems using advanced digestion technologies to achieve energy 

neutrality – or even positive energy. A solar ground-source heat pump system featuring a vertical borehole 

heat exchanger was developed and experimentally tested under the climatic conditions of Almaty and Astana 

[10, 11]. Modern 3D numerical models of heat and mass transfer and fluid dynamics were created and verified 

using experimental data, enabling a detailed analysis of the system's performance. Experimental studies 

demonstrated that the system achieves a coefficient of performance in the range of 2.11–2.76, confirming its 

energy efficiency. 

Due to its vast land resources and favorable climatic conditions, Kazakhstan possesses significant 

potential for the development of agriculture and livestock farming. Biomass generated during grain 

harvesting—specifically large volumes of straw—can be viewed as a potential substrate for biogas production. 

Livestock waste complements these plant-based residues. As the global community strives for a cleaner and 

more sustainable energy future, the development of sustainable energy innovations must help address global 

challenges related to the energy transition and the achievement of carbon neutrality. From a practical 

standpoint, the primary objectives for most farms acquiring a biogas plant are energy savings and waste 

management. Depending on the characteristics of the biomass being processed, different operating modes are 

employed to ensure effective anaerobic digestion: mesophilic (temperature range of 35–38°C) or thermophilic 

(50–55°C) [4, 5]. The biogas production process relies on the anaerobic digestion of organic matter within a 

sealed vessel (bioreactor) in the absence of oxygen; microorganisms break down the organic material, releasing 

methane and carbon dioxide [8, 10-13]. The efficiency of the biogas production process depends directly on 

maintaining a stable temperature within the bioreactor. Clearly, the climatic conditions of Central Kazakhstan 

necessitate continuous heating of the bioreactor. 

Practice shows that the efficiency of the biomass fermentation process and biogas production directly 

depends on the temperature regime inside the reactor [5, 8, 14]. There are indicated the need to maintain a 

biomass heating regime within the bioreactor that ensures the efficient extraction of valuable components. For 

mesophilic processes, the optimal fermentation temperature should be maintained in the 42–48°C range, 

requiring the bioreactor's thermal regime to be consistently upheld regardless of seasonal ambient temperature 

fluctuations throughout the year. The biomass inside the bioreactor chamber must be mixed regularly [12]. 

As shown in an effective solution for maintaining the thermal regime of a bioreactor is the use of a so-

called “water jacket” (thermal jacket), consisting of parallel pipes placed inside the lower part of the bioreactor 

body together with a special bubbling device. A heated fluid circulates through the jacket's pipes within the 

vessel, maintaining the temperature within the range required for active biomass fermentation. [15] presents 

experimental results in which the water jacket was heated by burning coal-water slurry in a specially designed 

unit featuring a radially rotating nozzle. However, despite the efficiency gains achieved by enriching coal-

water fuel through electrohydraulic processing, its use as a heat source for biomass remains relatively costly 

in terms of practical implementation. 

Therefore, it is proposed to use more accessible renewable thermal energy sources—specifically, a 

ground-source heat pump combined with a solar panel system. The GSHP utilizes heat from the ground and is 

supplemented, as needed, by electrical units powered by the solar panels. 

The proposed overall concept for the bioreactor heating system comprises three main components: 

1) A ground-source heat pump (GSHP) that extracts heat from deep soil layers; 

2) An electricity generation system using solar photovoltaic panels; 

3) A controlled heating system designed to distribute thermal energy throughout the bioreactor volume 

to ensure uniform heating of the biomass. 

At this stage, the implementation of a ground-source heat pump is being considered, along with the 

determination of the thermal capacity required to maintain the bioreactor's thermal regime, taking into account 

the specified volume of biomass to be processed. 

 

2. Methodology of experimental research 
 
The object of the study is the thermal control system for a cylindrical bioreactor designed to produce 

biogas through the processing of organic agricultural waste. The design layout and operating principle of the 

bioreactor are described in detail in [16]. The technical result of the solution is improved energy efficiency 

through connection to renewable energy sources; enhanced quality of biogas and fertilizers due to uniform 

mixing and temperature control; and reduced operating costs combined with a simplified design. The stated 

technical result is achieved by a proposed bioreactor for processing organic waste, comprising a cylindrical 
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body, pipes for loading, unloading, and draining, a sparging channel, heating elements, a pressure gauge, a 

thermometer, and a mechanical stirrer connected to a reduction gear.  

The heating elements are positioned in the lower part of the bioreactor along its perimeter, the sparging 

channel is also located in the lower part of the body, and the bioreactor's power supply system is connected to 

a renewable electricity source. 

 

2.1 Design and operating principle of a ground source heat pump  
 
The ground-source heat pump system comprises three circuits: an external circuit located in the ground 

that collects thermal energy; a second circuit consisting of the heat pump itself, where the heat-transfer fluid 

enters the evaporator and its temperature is raised to the required level; and a third circuit that directly serves 

the bioreactor heating system. Let us consider the external circuit of the bioreactor's thermal control system, 

which utilizes a ground-source heat pump (GSHP). The GSHP operates on a principal inverse to that of a 

standard refrigerator: it extracts low-grade heat from the environment (soil, water, or air), raises its 

temperature, and transfers it to the heating system. In this instance, the GSHP utilizes heat from the ground at 

a depth where the temperature is far more stable than at the surface. At depths of approximately 20 meters or 

more, the soil does not freeze, even when surface temperatures drop to between –35°C and –40°C. The Earth's 

subsurface layer acts as a thermal reservoir with virtually unlimited capacity. This phenomenon is successfully 

employed in numerous technologies for both residential heating and the support of various industrial processes. 

The GSHP operates by transferring low-temperature heat from the deep soil (a stable heat source) to the 

end-user via a closed-loop system utilizing a refrigerant and a compressor [16]. The pump extracts low-grade 

heat from the ground through a heat-transfer fluid circuit (using antifreeze), evaporates the refrigerant, 

compresses it to raise its temperature, and transfers the heat to the heating system; the cooled refrigerant then 

returns to the evaporator. To implement the GSHP, preparatory work was carried out at the experimental site, 

resulting in the drilling of four boreholes, each 21 meters deep and spaced 5 meters apart (Fig. 1). 

 

  
a) b) 

Fig.1. Ground-source heat pump experimental site: 

a) general view of borehole drilling; b) blue markers indicate boreholes along the trench. 

 

U-shaped copper pipes with a diameter of 32 mm are installed in the drilled boreholes; each is encased in 

an outer plastic casing pipe with a diameter of 150 mm (Fig. 2). The U-shaped copper pipes are completely 

filled with heat-transfer fluid, leaving no voids. At the top, the vertically installed U-shaped pipes are connected 

in series. In the lower section of the borehole, the space between the vertical pipes inside the plastic casing is 

filled with groundwater from a depth of 4 m to 20 m below the surface — meaning the so-called groundwater 

zone spans 16 m. The outer pipe is hermetically sealed at the top. The upper space inside the plastic casing 

between the copper pipes is filled with air; thus, the air zone extends from 0 to 4 m below the surface. 
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A powerful pump circulates the heat transfer fluid (an ethylene glycol solution/antifreeze) under pressure 

through all four boreholes: it flows first into the outermost copper U-shaped pipe of the first borehole, then 

passes under pressure from the top into the adjacent second borehole, and so on. Upon exiting the fourth 

borehole, the heated fluid passes through a heat exchanger assisted by a compressor into a secondary circuit, 

where it transfers heat to a "water jacket" system to warm the organic mass within the bioreactor. The spent, 

cooled fluid is then pumped back into the geothermal boreholes. No additional cooling equipment is required 

to return the fluid to the primary geothermal circuit in the ground and prepare it to absorb heat again; this 

occurs naturally due to the physics of the refrigeration cycle and the inherent properties of the soil. Thus, the 

heat transfer fluid continuously circulates counter-clockwise through the geothermal piping. 

 
Fig.2. Scheme of a ground-source heat pump system consisting of four boreholes. 

 

Preliminary tests have shown that the heat transfer fluid (antifreeze) can heat up to 60°C or higher during 

compression. Further temperature increases are undesirable, as the fluid does not have sufficient time to return 

to the groundwater temperature after cooling. To prevent further heating and accelerate the recovery time, it is 

necessary to install an automatic control system to adjust the pump pressure, thereby regulating the flow rate 

of the heat transfer fluid through the circuit. 

 

3. Estimation of the thermal output of a ground source heat pump 
 
Let us determine the amount of heat required to heat a given quantity of biomass. The bioreactor is a 

cylindrical vessel with a length of 2 m and a diameter of 1.44 m. The steel wall thickness is 4 mm [15, 16]. In 

practice, the bioreactor vessel is filled to approximately two-thirds of its volume with an organic mixture of 

cattle manure and water. 

The volume of the biomass to be processed, accounting for the wall thickness of the cylindrical bioreactor 

vessel, is 

Vw = 3,140,68 2  1,92 2/3= 1,86 m3                                                            

 

The amount of heat required to heat the given quantity of biomass is determined using the standard 

formula: 

Q = Vw × ρw × c × Δt = 1.86 × 10³ × 4200 × 30 ≈ 23.436 × 10⁹ J = 6,510 kWh                                                        

 

where ρw is the density of the heat carrier and c is the specific heat capacity of water is 4,200 J/(kg·°C). 
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Thus, the objective is to maintain nearly 2 tons of biomass within a specified temperature range. The 

target heating temperature for the bioreactor’s "water jacket" is +42°C, even if the ambient temperature drops 

to –30°C. It is common practice to use a non-freezing heat transfer fluid—ethylene glycol (ethanediol, 

chemical formula C₂H₆O₂)—in sub-zero temperatures. This is the simplest dihydric alcohol; it appears as a 

clear, odorless liquid with an oily consistency and a sweet taste. While the substance is highly miscible with 

water, it is highly toxic to humans and animals and is classified as a moderately hazardous substance (Hazard 

Class 3). Its key property is that it significantly lowers the freezing point of aqueous mixtures, preventing the 

fluid from freezing in cold conditions. The proposed technology leverages the stable temperature of 

groundwater (+3 to +8°C). Therefore, it is crucial to accurately calculate the parameters of the ground-loop 

heat exchanger's primary circuit to prevent the borehole from freezing. To determine the limiting pressure and 

temperature values, the thermal capacity of the ground heat exchanger based on fundamental heat balance 

principles, accounting for heat losses will be calculate. 

In a ground-source heat pump system, the cooling of the heat transfer fluid occurs automatically as part 

of the system's operation. The cooling process within the expansion valve works as follows: after the fluid in 

the internal circuit has transferred its heat to the storage heat exchanger (at +42°C) and condensed, it passes 

through a thermostatic expansion valve (TXV) or throttle. At this point, the fluid pressure drops sharply, 

causing its temperature to plummet instantly to below-freezing levels (e.g., -2°C to -5°C). Next, thermal 

regeneration takes place in the ground: the "super-cooled" fluid (at 0°C) is circulated back underground to a 

depth of 20 meters. Since the temperature of the surrounding groundwater remains stable at +3°C or +8°C, the 

earth acts as a constant, reliable heat source. As the fluid flows through the underground piping, it absorbs heat 

from the earth, warming back up to its initial +3°C to +8°C range before returning to the pump, thereby 

completing the cycle. 

The length of the circuit - specifically, the length of the pipes carrying the heat transfer fluid—must 

strictly correspond to the required heat extraction rate. In this instance, the ground-source heat pump (GSHP) 

circuit consists of copper U-tubes with a diameter of 32 mm, arranged in series across four boreholes 20 meters 

deep and filled with the heat transfer fluid (see Fig. 2).  

Heat transfer per meter of pipe depends on numerous factors, such as soil type, installation depth, and the 

thermal conductivity of the soil and groundwater. The designed GSHP system utilizes geothermal heat from a 

depth of 20 meters, where the temperature is more stable than at the surface. Calculating the parameters of the 

GSHP primary circuit requires determining the ethylene glycol flow rate and the thermal power output needed 

to supply sufficient heat to warm the specified volume of biomass. 

An ethylene glycol solution with a freezing point of -13°C is used as the heat transfer fluid in the primary 

circuit. The specific heat capacity of an aqueous ethylene glycol solution depends on its concentration and 

temperature, typically ranging from 3.1 to 4.1 kJ/(kg·°C). Pure water has the highest heat capacity (4.2 

kJ/(kg·°C)), whereas pure ethylene glycol is approximately 2.4 kJ/(kg·°C). 

For the calculation, the solution properties at 0°C are used: density is 1050 kg/m³ (1.05 g/cm³) and heat 

capacity is 3.94 kJ/(kg·K). When using an ethylene glycol solution, the pressure loss within the pipe is 1.5 

times higher than with water. To calculate the parameters of the heat pump unit's primary circuit, it is necessary 

to determine the ethylene glycol flow rate. 

The temperature difference is assumed to be: ΔT = 30 °C. The loop length of each U-shaped copper pipe 

is 40 m, the distance between the pipes is 5 m, hence the total length of the copper pipeline with coolant is 

L = 40m*4+15 = 175m; 

Volume of pumped coolant: Vt = 3,14 0,162  175 = 14,07 m3 

When compressed, the coolant heats up; the amount of heat it transfers per unit time is equal to: 

 

Qt = Vt    c t  ΔT = 14,07 m31050 kg/m3  3,94 kJ/(kg°C)  (30°C) ≈ 1745.81 kJ ≈ 0.489 kWh 

 

Depending on the soil type and condition (dry sand, clay, or water-saturated soil), a U-shaped geothermal 

probe extracts an average of 30 to 50 W of thermal energy per linear meter. The total thermal power extracted 

from the ground for the geothermal heat pump will be 175 m × 40 W/m ≈ 7 kW (low-potential heat). To 

determine the volume of a 50% ethylene glycol solution that can be heated, we compare the thermal power of 

the heat pump with the flow rate of the coolant. 
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4. Results and discussion  
 

For a circuit thermal output of 7 kW, the heat carrier flow rate must be very low is only about 160 liters 

per hour (0.044 L/s). The fluid velocity in a 32 mm pipe would then be approximately 0.07 m/s (this speed 

corresponds to laminar flow, which impairs heat exchange; therefore, it is more efficient to use a high-flow 

circulation pump while heating the system cyclically). The total length is 175 m. Assuming a heat yield q of 

approximately 40–50 W per linear meter of the borehole, the external circuit circulation pump speed must be 

adjusted so that the temperature difference (delta) between the outgoing and returning heat carrier is about 

3°C–5°C. To set the circulation pump speed to achieve a temperature difference (ΔT) within the 3°C–5°C 

range, the required volumetric flow rate (V) of the coolant is calculated. Clearly, maintaining the required 

temperature involves costs associated with compensating for heat losses through the walls and via exhaust 

gases, as well as the energy required to heat the contents, etc. Heat losses through the walls and ventilation 

losses must be taken into account; approximately 30% should be added to the calculated value. Since there is 

a closed-loop ground-source heat pump (GSHP) circuit consisting of copper U-tubes filled with heat transfer 

fluid, the calculation is based on the thermal power that this circuit can consistently extract from the ground.  

1) Calculation of the circuit's thermal power. Given that the total length of piping in the boreholes is 175 

meters, and assuming a heat extraction rate of (40–50) W per linear meter, the total thermal power (Q) extracted 

from the ground by the external circuit is: 

Minimum: Q1 = 175 m × 40 W/m = 7,000 W (7.0 kW) 

Maximum: Q2 = 175 m × 50 W/m = 8,750 W (8.75 kW) 

2) Calculation of required flow rate. For a propylene glycol-based heat transfer fluid (average specific 

heat capacity 𝐶𝑝≈3.8kJ/(kg⋅°C) and density 𝜌 =1030 kg/m3, the required flow rate is calculated using the 

formula: 

 𝑉 =
𝑄

𝐶𝑝⋅𝜌⋅𝛥𝑇
 

Depending on the required temperature difference for each borehole, the circulation pump must provide 

the following flow rates: 

 
Target temperature difference,  

(Δ𝑇g) 
With specific heat 

dissipation q = 40 W/m (7.0 

kW) 

With specific heat dissipation  

q = 50 W/m (8.75 kW) 

at Δ𝑇g = 𝟑°𝐂 (max flow) ~35,8 liters per minute ~74,52 liters per minute 
at Δ𝑇g = 5°𝐂 (min flow) 21,42 liters per minute ~44, 70 liters per minute  

 

Calculations show that the circulation pump must circulate the heat transfer fluid at a rate ranging from 

21.42 to 44.7 liters per minute. In the experiments, flow meters were used to regulate pump operation within 

the GSHP system. Flow regulators were installed on the ground-loop distribution manifold, where the pipelines 

from all four boreholes converge. Since the boreholes are connected to the manifold in series, the flow meters 

had to be adjusted to ensure an equal volume of heat transfer fluid flowed through each of the four boreholes 

(approximately 5.3–11.2 l/min per borehole).  Additionally, the strength limitations of the GSHP system's 

copper piping had to be taken into account. Copper pipes with a 32 mm diameter (commonly used in heating 

and air conditioning systems) have the following characteristics: operating pressure typically does not exceed 

2.5–4.0 MPa (25–40 bar), whereas the burst pressure (maximum) ranges from approximately 15 to 30 MPa 

(150–300 bar), depending on wall thickness (1–1.5 mm) and copper hardness.  

It is also necessary to consider the system's hydraulics—specifically, pressure losses. This is because, at 

a temperature of -8°C, a 50% ethylene glycol solution becomes highly viscous; its kinematic viscosity 

increases by approximately four to five times compared to water. Consequently, the flow of the heat transfer 

fluid through the pipes is impeded, resulting in high friction losses (dynamic pressure).  

When using a standard three-speed pressure-boosting pump, in this case, a LEO dry-rotor circulation 

pump with a power rating of 1500 W—the system first switches to speed 2, and the heat pump compressor 

starts up. After 20–30 minutes of continuous compressor operation, readings are taken from the external circuit 

temperature sensors (at the ground loop outlet and inlet).  

If the temperature difference exceeds 5°C, the pump speed must be increased. Conversely, if the 

temperature difference is less than 3°C, the flow rate of the heat transfer fluid can be reduced to save electricity. 
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This adjustment makes it possible to ensure that the length of 175 meters of the circuit through 4 wells 

completely covers the needs of the system without the risk of freezing of the coolant. And it helps prevent the 

risk of unwanted overcooling of the coolant. 

 
4. Conclusion 

Biogas production from biomass offers potential as an alternative energy source, particularly given the 

abundance of biomass resources in Kazakhstan. The study analyzes biogas production technologies—focusing 

on their results and innovative aspects—specifically for regions remote from traditional energy sources. While 

biogas represents an environmentally beneficial alternative for reducing emissions and managing waste, it is 

crucial to implement advanced technologies incorporating methane sensors and to rigorously address 

environmental controls within these processes. Such measures will minimize potential harm to local 

populations while ensuring the long-term sustainability of biogas and biomethane production and promoting 

the adoption of these clean energy sources. 

An assessment of the thermal energy output, accounting for the efficiency characteristic of the external 

circuit of a ground-source heat pump is shown. Comparing the calculation results with test measurements leads 

to the conclusion that the capacity of the designed ground-source heat pump system comprising four 20-meter-

deep boreholes is sufficient to reliably meet the requirements for cooling or heating the heat transfer fluid 

within the specified temperature range. 

Monitoring data of the developed system operation and results of measuring its performance indicators 

during extended experimental testing under autumn-winter climatic conditions will be obtained. Subsequently, 

a more detailed analysis of heat transfer for each borehole is planned, utilizing modern software suites to 

determine the optimal operating parameters of the developed geothermal heat pump system. 
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