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Abstract 

Decarbonization of the industrial sector is one of the most important measures to tackling global 

warming. Energy demand and associated greenhouse gas (GHG) emissions are continuously 

increasing in various industrial processes. The increasing demand in the industry for energy-

efficient, cost-effective, and environmentally friendly energy systems results in a growing 

interest in using heat pumps. Integrating high temperature heat pumps (HTHPs) for waste heat 

recovery and supply temperatures of more than 100 °C is a sustainable solution for many 

industrial high temperature applications. 

This study investigates the absorption-compression heat pump (ACHP) using the zeotropic 

ammonia-water mixture as working fluid. The ACHP system combines the technologies of an 

absorption and vapor compression heat pump with the ability of achieving high supply 

temperatures above 120 °C with large temperature lifts (> 60 𝐾) and non-isothermal heat 

transfer (𝑇𝑔𝑙𝑖𝑑𝑒 > 30 𝐾). The working principle and characteristics of different ACHP cycles 

were discussed and an overview of the current state-of-the-art was elaborated with respect to 

experimental investigations available in the literature.  

The existing solutions and challenges for the realization of ACHP systems with focus on the 

application at high temperature operation were identified: the compressor design with respect 

to discharge temperature and lubrication; the design and operation of the absorber and desorber; 

the establishment of efficient liquid-vapor mixing and distribution; and the selection and 

cavitation protection of the solution pump. It was concluded that the oil-free operation of the 

ACHP system can lead to improved efficiency and reduced costs by saving on the required oil 

infrastructure. This can further improve the competitiveness of ACHP systems for the usage in 

industrial high temperature applications compared to conventional energy supply systems. 

The analysis of an existing dairy plant, which uses heat pumps for heating and cooling at 

multiple temperature levels, revealed that the process efficiency can be significantly improved 

with a waste heat recovery rate of more than 95%. This reduced the primary energy demand by 

37.9% and emitted GHG emissions by 91.7%. The ACHP system supplied a temperature of 

95 °C and a temperature lift of 33.5 K. An average COP of 5.8 was achieved with a Carnot 

efficiency of more than 50%. The results demonstrated that ACHP systems are reliable and 

efficient in commercial high temperature applications up to 100 °C. The potential application 

area can be further expanded by increasing the achievable heat sink supply temperature above 

120 °C. 
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Based on the identified challenges and demands, the task description of the experimental ACHP 

prototype was specified, and a simulation model of the ACHP cycle with single-stage solution 

circuit was developed using Engineering Equation Solver. This model was used to investigate 

the system behaviour of the ACHP system and to determine the design parameters of the ACHP 

prototype. The energy and exergy analysis revealed that the use of liquid injection during the 

vapor compression process is a sufficient measure to decrease the discharge temperature and to 

provide lubrication. The determined design parameters were the basis for the design of 

applicable and feasible component section solutions. 

The main component sections for the defined research areas were designed to meet the 

specifications, considering existing limitations for available components on the market and 

their potential for modifications. A numerical simulation model of an oil-free liquid-injected 

twin-screw compressor was developed and used to reduce the limiting compressor discharge 

temperature and achieve the desired oil-free system operation.  

The investigation revealed that it is preferable to inject the lean solution with a low NH3 mass 

fraction (40%), and an injection ratio of 10% of the compressor’s suction mass flow rate is 

required. The distribution of the lean solution over multiple injection ports located at the 

beginning (360°) and in the middle of the compression phase (450° or 495°) can ensure a 

continuous liquid film. The liquid film is utilized for sealing, lubrication, and decreasing of the 

discharge temperature. The obtained findings are considered as a kind of best-case analysis and 

were used to determine modifications to an existing compressor and to design the required 

injection line. 

The outcome of the conducted research work is the ACHP prototype with a maximum heat 

capacity of up to 200 kW and a maximum operating pressure and temperature of 40 bar and 

190 °C, respectively. Together with the pressurized water heat source and sink circuits, the test 

facility allows the investigation of different component sections and application cases with heat 

sink outlet temperatures up to 140 °C. The ACHP prototype is an important tool for the 

validation of numerical models, testing new elements and optimization of the control strategy. 

This thesis has successfully completed the aim of the development of an ammonia-water 

absorption-compression heat pump at high temperature operation. The results were 

disseminated in the context of three published journal articles, several peer-reviewed 

conference papers, and other presentations. This project was done in collaboration with 

industrial partners and generated spin-off projects.
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1 Introduction 

This chapter introduces the motivation and main research objectives of the doctoral work, the 

thesis structure and a list of scientific publications within the scope of this thesis. 

1.1 Motivation 

Decarbonization of the industrial sector is one of the most important keys to tackling global 

warming [1]. Energy demand and associated greenhouse gas (GHG) emissions in various 

industrial processes are continuously increasing [2]. With the increasing impacts of climate 

change, there is growing consensus on the importance of improving the energy efficiency of 

industrial processes and reducing direct GHG emissions, for instance from fossil fuel 

combustion, to create environmentally friendly, cost-effective, and sustainable energy systems.  

In 2015, the total industrial energy demand in the European Union (EU) was 2950 TWh/a, of 

which thermal energy accounted for the majority, with 81% (2390 TWh/a) [3,4]. The demand 

for process heating represented 1952 TWh/a (66% of the total) and was required at different 

temperature levels, whereby 37% was in the lower temperature range below 200 °C. More than 

77% of the energy supply came from fossil fuels, while only about 12% came exclusively from 

renewable energy sources (RES). Figure 1.1 shows the breakdown of the industrial energy 

demand in the EU by broad application with the process heating demand by different 

temperature levels and the energy sources used to fulfil this demand [5]. 

 

Figure 1.1. Breakdown of the total industrial energy demand in the EU by broad application (left) and 

process heating demand by temperature level (centre) and energy sources used (right) [5]. 
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The available waste heat potential in the EU is estimated at approximately 300 TWh/year, of 

which one-third is below 200 °C, often referred to as low temperature waste heat [6]. At the 

same time, large amounts of potentially usable low-grade waste heat are often not exploited by 

now. Due to this, it is essential to develop more efficient and environmentally friendly ways to 

provide thermal energy as usable heat and cold for industrial applications.  

Many industries requiring both cooling and heating have separate systems for these tasks. 

Having a combined system capable of providing both demands while utilizing available waste 

heat can significantly increase the overall energy efficiency. By integrating heat pumps, most 

of the energy can be recovered from available waste heat. This significantly reduces the 

required primary energy (electric power), reflected in the coefficient of performance (COP). At 

the same time, GHG emissions are reduced and can even be eliminated by using renewable 

energy sources. Figure 1.2 shows the integration of a heat pump driven energy system into an 

industrial process with a given heat pump COP of 4.0 and a waste heat recovery rate of 75%. 

 

Figure 1.2. Integration of heat pump driven energy systems into industrial processes [5].  

The integration of high temperature heat pumps (HTHPs) with a heat supply temperature above 

100 °C is a promising approach for many industrial applications [7]. Suitable HTHP solutions 

have been increasingly investigated in recent years [8]. In the heat pump technology, a lot of 

achievements were made, especially at lower heat supply temperatures, but fewer at high 

temperatures above 90 °C. Ongoing research is focused on further increasing the delivery 

temperatures, as great utilization potential exists for high temperature applications up to 150 °C 

and more due to the prevailing industry conditions [9].  
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The Heat Pumping Technology Annex 58 about HTHPs by the International Energy Agency is 

intended to provide an overview of the current state-of-the-art and demonstration cases for 

different technologies with heat supply temperatures above 120 °C [10]. It is stated that many 

development projects are underway with different technologies and varying technology 

readiness levels, capacities, expected costs and achievable temperature levels. Typical systems 

in current demonstration cases are vapor compression heat pump (VCHP) systems, often using 

artificial refrigerants or mechanical vapor recompression systems using water as refrigerant. 

The use of natural refrigerants with low global warming potential (GWP) and known impacts 

and burdens on the atmosphere, such as ammonia and water, is of particular interest regarding 

environmental sustainability when developing new HTHP solutions [11–13].  

One of the suitable heat pump solutions for various industrial high temperature applications is 

the absorption-compression heat pump (ACHP) system with the zeotropic ammonia-water 

mixture as working fluid. The ACHP is often named a vapor compression cycle with solution 

circuit, compression/absorption cycle or hybrid absorption–compression heat pump. It 

combines the technologies of an absorption and vapor compression heat pump using a zeotropic 

mixture of ammonia and water as working fluid. As a result, heat is extracted and released at 

temperature glides (𝑇𝑔𝑙𝑖𝑑𝑒 > 30 𝐾). The compression ratio can be reduced, when compared 

with conventional VCHPs utilizing single fluid refrigerants, via adjusting the concentration to 

the given boundary conditions. These characteristics, combined with the ability to achieve high 

sink temperatures above 100 °C at large temperature lifts (> 60 𝐾) and high COPs, make the 

ACHP system a valuable solution for the use and integration in high temperature heat supply 

application in the industry [14].  

The utilization and improvement of HTHP technology and its integration into industrial 

processes is one of the main objectives of the Centre for an Energy Efficient and Competitive 

Industry for the Future (HighEFF) [15]. It is designed to achieve ambitious goals for the 

development and demonstration of technologies that can help to improve the energy efficiency 

and reduce emissions from the industry. A main emphasis is on the development and use of 

HTHP systems with natural refrigerants to exploit available waste heat and improve the 

efficiency of industrial processes. The HighEFFLab project supports this effort by developing 

and testing different systems and components through the establishment of new experimental 

test facilities [16]. Following the current trend and aiming to cover a broad spectrum in the 

development of potential HTHP systems using natural refrigerants, the experimental ACHP 

prototype is one of these installations.  
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1.2 Research objectives 

The primary objective of this PhD thesis is to contribute to the evolution of high-temperature 

heat pump technology through the development of an experimental ACHP prototype using 

ammonia-water mixture as refrigerant. With the ability to experimentally investigate various 

high-temperature operating conditions, this work aims to enhance the understanding of the 

ACHP system and contribute to the extension of the potential application range. Emphasis is 

on the identification, implementation and testing of recent developments and further potential 

improvements of the entire ACHP system and specific components. To achieve the main 

objective, the following sub-objectives are proposed: 

• Identification of existing demands and challenges for the utilization of ACHP systems 

at high temperature operation. 

• Development of a numerical simulation tool to investigate and describe different 

concepts and operating conditions of the ACHP system. 

• Determination of requirements and design parameters for the development of the 

experimental ACHP prototype based on results of previous literature work and 

conducted simulations. 

• Design of the experimental ACHP prototype for defined requirements and operation 

parameters based on the identified state-of-the-art findings and developments. 

• Commissioning and description of the constructed experimental ACHP prototype for 

the investigation of various operating conditions and main components. 

• Identification and elaboration of the possible use of the ACHP prototype in relation to 

the overall system and specific components within the scope of future work. 

This PhD project aims to build and establish new knowledge and competencies in the design 

and application of ACHP systems with ammonia-water mixture as working fluid. The 

motivation is to support the decarbonization of industrial high temperature processes with 

enlarged application range by providing higher supply temperatures and improved system 

efficiencies. The research work provides the basis to perform further investigations and 

establish cooperations with academic and industrial partners. 
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1.3 Thesis outline 

This thesis is structured by seven chapters representing an overview and summary of the 

conducted research work for the development of the experimental ACHP prototype and 

covering the results and findings presented in three journal articles and several peer-reviewed 

conference papers. These chapters can be summarized as: 

• Chapter 1 introduces the demand and motivation for the doctoral research work, highlights 

the research objectives and approach, and provides the list of scientific publications. 

• Chapter 2 provides the background of the thesis on the absorption-compression heat pump 

with ammonia-water as refrigerant. The functionality and properties of the ACHP cycle are 

described and an overview of the stat-of-the-art with existing challenges and possible 

solutions is presented. Finally, the potential use of ACHP systems in industrial applications 

is discussed. 

• Chapter 3 addresses the development and design of the experimental ACHP prototype with 

the methodology used. The task description of the planned installation along with the design 

of ACHP system and main component sections are outlined. 

• Chapter 4 presents the developed experimental ACHP prototype based on the previous 

obtained findings and specifications. The functionality and detailed design are described 

along with the specific component solutions. Furthermore, the installed measuring system 

and operating procedure for the performance of experiments are presented. 

• Chapter 5 summarizes the published research work by elaborating a brief description and 

highlighting main results and findings for each publication. 

• Chapter 6 concludes the thesis by presenting the main findings and contributions of the 

conducted research work and its value to the ACHP technology at high temperature 

operation.  

• Chapter 7 suggests future research work enabled by the development of the experimental 

ACHP prototype that can further improve the technology and enhance the useability in 

industrial applications. 
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1.4 Scientific publications * 

The research findings conducted during the PhD project were published in three peer-reviewed 

journal articles. All articles are subject to evaluation and are attached in the Appendix. The 

author contributions for each article are indicated based on the CRediT classification [17]. The 

PhD candidate was the corresponding first author of all these articles and was responsible for 

conceptualization, methodology, formal analysis, investigation, visualization, and writing of 

the original draft as well as the review and editing process. 

1.4.1 Journal publications 

Article I  M.U. Ahrens, M. Loth, I. Tolstorebrov, A. Hafner, S. Kabelac, R.Z. Wang and 

T.M. Eikevik (2021). Identification of Existing Challenges and Future Trends 

for the Utilization of Ammonia-Water Absorption-Compression Heat Pumps 

at High Temperature Operation. In: Applied Sciences 11, 4635. DOI: 

10.3390/app11104635 

Article II  M.U. Ahrens, S.S. Foslie, O.M. Moen, M. Bantle and T.M. Eikevik (2021). 

Integrated high temperature heat pumps and thermal storage tanks for 

combined heating and cooling in the industry. In: Applied Thermal 

Engineering 189, 2021, 116731. DOI: 10.1016/j.applthermaleng.2021.11673 

Article III M.U. Ahrens, I. Tolstorebrov, E.K. Tønsberg, A. Hafner, R.Z. Wang and T.M. 

Eikevik (2022). Numerical investigation of an oil-free liquid-injected twin 

screw compressor with ammonia-water as refrigerant for high temperature 

heat pump applications. In: Applied Thermal Engineering 219, 2023, 119425. 

DOI: 10.1016/j.applthermaleng.2022.119425 

1.4.2 Peer-reviewed conference publications 

In addition to the journal articles, the author has contributed to the publication of several peer-

reviewed conference papers in international and national conference proceedings within the 

scope of the thesis subject during the doctoral research period. A selection of the contributions 

published with the PhD candidate as first author is listed here and is attached in the Appendix. 

 

* The latest versions of all publications are available at the following link, either directly as download or 

as link to the original publications: https://www.ntnu.edu/employees/marcel.u.ahrens 
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Paper I  M.U. Ahrens, A. Hafner and T.M. Eikevik (2019). Compressors for ammonia-

water hybrid absorption-compression heat pumps. In: Proceedings of the 8th 

IIR International Conference on Ammonia and CO2 Refrigeration Technologies, 

Ohrid, Republic of North Macedonia, 11-13 April. 

Paper II M.U. Ahrens, A. Hafner and T.M. Eikevik (2019). Development of Ammonia-

Water Hybrid Absorption-Compression Heat Pumps. In: Proceedings of the 
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2 Background 

This chapter provides the background of the doctoral thesis to enhance the understanding of the 

ammonia-water absorption-compression heat pump (ACHP) working principle and making the 

content of this thesis comprehensible to the reader. It provides a summarized overview on the 

current state-of-the-art by identifying existing challenges, possible solutions, and the use of 

HTHPs in industrial applications at high temperature operation. 

2.1 Introduction 

The ACHP system combines the technologies of an absorption and vapor compression heat 

pump (VCHP) using the zeotropic mixture of ammonia and water as working fluid. Heat is 

extracted and released at temperature glides and can be matched to the given heat source and 

sink conditions by adjusting the overall working fluid concentration and changing the 

circulation ratio through the solution circuit. The required compression ratio for a given 

temperature lift can be reduced compared with conventional VCHPs utilising single fluid 

refrigerants. These characteristics combined with the ability to achieve high sink temperatures 

above 100 °C at large temperature lifts and high coefficient of performance (COP), make the 

ACHP system a valuable solution to provide heat at high temperatures in various industrial 

applications [18]. 

The first patent in relation to ACHP cycles was published by Osenbrück in 1895 [19]. Detailed 

theoretical studies were first conducted by Altenkirch in 1950 and indicated a large potential 

for energy savings [20]. Due to the energy-saving potential and the increasing urgency to 

substitute the ozone-depleting chlorofluorocarbons (CFCs) in combination with the energy 

crisis in the 1970s, research activities increased rapidly since the 1980s and several 

experimental plants were built in this context. In 1997, Groll [21] summarized the research 

activities by reviewing more than 40 papers in a detailed overview. It was concluded that despite 

the investigation of various cycle configurations as well as the commissioning and operation of 

several large-scale pilot plants, considerable work remained to be done before the ACHP could 

be used commercially.  

In the following years, research activities continued and were stimulated by the increasing 

energy demand in the industrial sector, with growing awareness of the problem of GHG 

emissions and the increasing motivation for HTHP solutions using natural refrigerants. The 

ACHP with single-stage solution circuit was successfully brought to commercial use with 
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standard refrigeration components, as reported by Baksaas and Grandum [22] and Risberg et 

al. [23]. Until today, several units have been installed for commercial use in various industrial 

applications, achieving heat sink temperatures of up to 100 °C and temperature lifts of up to 

75 K, as described by the company Hybrid Energy AS. 

The first commercial installations of the ACHP encouraged the growing interest in this system 

and led to extensive theoretical investigations in recent years to identify optimal operation 

conditions and potential applications. Van de Bor et al. [24] numerically investigated the 

optimal performance of compression-resorption heat pumps for 50 specific industrial cases in 

the chemical process industry indicated that energetically and economically competitive 

applications can be achieved. Jensen et al. [25] examined design parameters for the utilization 

of ACHP systems with heat supply temperatures above 100 °C. Qing et al. [26] continued with 

the thermodynamic analysis of feasible operating regions of ACHP cycles with two-stage 

compression. Furthermore, special focus was placed on possible system improvements to 

further expand the achievable process parameters, such as the heat supply temperature of more 

than 100 °C and an increased system efficiency, in order to compete with conventional solutions 

for use in high temperature applications [27–29]. This thesis supports these efforts by 

developing an experimental prototype of an ACHP system at high temperature operation to 

improve the understanding of the overall system, investigate a variety of potential component 

solutions and to develop and evaluate further improvements. 

2.2 The ammonia-water absorption-compression heat pump 

The most basic type of the ACHP system with ammonia-water mixture as working fluid is often 

referred to as Osenbrück cycle in recognition of its inventor Osenbrück (1895) [19]. This ACHP 

cycle with a single-stage solution circuit consists of seven main components, namely: three heat 

exchangers, a liquid-vapor separator, an expansion valve, a solution pump, and a compressor. 

Figure 2.1 shows a schematic representation of this basic ACHP cycle. 
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Figure 2.1. Schematic of the basic absorption-compression heat pump cycle. 

In the ACHP cycle, evaporator and condenser are namely replaced by desorber and absorber 

transferring heat with the heat source and sink. Throughout the entire heat transfer process with 

the heat source in the desorber, the temperature increases and the solubility of the ammonia in 

water decreases, causing ammonia vapor to expel. As a result, a two-phase mixture leaving the 

desorber towards the liquid-vapor separator (1). The low-pressure vapor and ammonia-lean 

solution are separated in the liquid-vapor separator before being directed to the compressor (2) 

and solution pump (4). The compressor increases the pressure and temperature of the vapor (2 

to 3), while the pump elevates the pressure of the lean solution correspondingly (4 to 5). To 

improve the cycle performance, an internal heat exchanger (IHX) is installed to interconnect 

the solution streams. Heat is exchanged between the lean and rich solution, resulting in a 

temperature increase of the lean solution (5 to 6) and a decrease of the rich solution (8 to 9). At 

the high-pressure side, the lean solution (6) is then mixed with the superheated NH3 vapor from 

the compressor (3) at the inlet of the absorber (7). In the absorber, vapor is absorbed by the 

liquid and the generated heat is transferred to the heat sink fluid. During the absorption process, 

the NH3 mass fraction in the solution phase gradually increases and a saturated solution emerges 

at the outlet of the absorber (8). The ammonia-rich solution then flows through the IHX (8 to 

9) before being throttled down to the low-pressure level (9 to 10) returning to the desorber inlet 

(10) and thus completing the cycle.  
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Figure 2.2 shows a log p-(1/T) diagram of saturated liquid for ammonia-water mixture with the 

main components and flows of the described ACHP cycle. This representation illustrates the 

qualitative working principle and characteristics of the ACHP system with the zeotropic 

mixture of ammonia and water, not the actual compression paths or temperature levels. 

 

Figure 2.2. Example of a simplified ACHP cycle in ammonia-water log p-(1/T) diagram.  

The ammonia-water mixture used in the ACHP system is a zeotropic mixture consisting of two 

solution components with different boiling points [30]. The large boiling point difference of the 

working fluid and the implementation of the additional solution circuit provides two additional 

degrees of freedom in the choice of the ammonia mass fraction and the circulation ratio for the 

ACHP cycle compared to conventional VCHP cycles [21]. This increases the flexibility and 

complexity when designing the ACHP system. Any given available source inlet temperature 

does not automatically define the required low-pressure level, but the set ammonia mass 

fraction of the lean solution is also decisive. Further, the circulation ratio (CR), specified as the 

ratio between the mass flow rates of the lean and rich solution 

𝐶𝑅 = �̇�𝑙𝑒𝑎𝑛�̇�𝑟𝑖𝑐ℎ  (2.1) 

influences the difference in ammonia mass fraction between the lean and rich solution. For a 

given ammonia mass fraction of the rich solution (equivalent to the system charge), the 

ammonia mass fraction of the lean solution can be controlled via the circulation ratio or, vice 

versa, the required system charge can be determined for a given operation point. Increasing the 

circulation ratio reduces the difference in ammonia mass fraction of the two solution streams. 
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Thus, the temperature glide with the secondary system and the capacity of the system are 

adjusted accordingly. Due to the non-isothermal heat transfer that takes place in the absorber 

and desorber of the ACHP cycle, instead of using the Carnot COP for operating between 

constant heat source and sink temperature levels: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 = 𝑇𝑠𝑖𝑛𝑘𝑇𝑠𝑖𝑛𝑘 − 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 (2.2) 

the theoretical limit value for the coefficient of performance is often determined as described 

by Lorenz (1895) [31]: 

𝐶𝑂𝑃𝐿𝑜𝑟𝑒𝑛𝑧 = 𝑇𝑙𝑜𝑔,𝑚𝑒𝑎𝑛,𝑠𝑖𝑛𝑘𝑇𝑙𝑜𝑔,𝑚𝑒𝑎𝑛,𝑠𝑖𝑛𝑘 − 𝑇𝑙𝑜𝑔,𝑚𝑒𝑎𝑛,𝑠𝑜𝑢𝑟𝑐𝑒 (2.3) 

Here, the constant temperature levels are substituted by the logarithmic mean temperatures of 

the secondary fluids for heat sink and source using Equation 2.3: 

Tlog,mean = Tsecondary fluid,in − Tsecondary fluid,outln Tsecondary fluid,inTsecondary fluid,out
 

(2.4) 

The ability to vary the NH3 mass fraction of the working fluid and the circulation ratio between 

the mass flow rates of the lean and rich solution ensures high flexibility and adaptability of the 

operating parameters to changing boundary conditions. In general, the following advantages for 

the ACHP system can be pointed: 

• Capacity control by changing the overall NH3 mass fraction of the working fluid 

mixture, resulting in a change in the low-pressure gas density. Hereby, at constant speed 

and volume flow of the compressor, the mass flow of the vapor and thus the capacity of 

the heat pump is changed. 

• Exploitation of the occurring non-isothermal heat transfer in desorber and absorber can 

be matched to heat source and sink and thus reduce the irreversibility of the system and 

enable large temperature spans with comparatively high achievable COPs. The process 

follows the Lorenz rather than the Carnot process and becomes more effective as the 

temperature spread over the heat source and sink increases. 

• Compared to VCHP cycles with pure ammonia as refrigerant, higher heat sink 

temperatures can be achieved with lower discharge vapor pressure and reduced pressure 

ratios when water is used as solvent. 
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2.2.1 Cycle configurations 

Based on the most basic ACHP cycle introduced in Figure 2.1, authors such as Amrane et al. 

(1991) [32], Hultén and Berntsson (2002) [33] and Jensen (2015) [18] examined various 

possible process modifications. These included for instance the use of additional components, 

such as heat exchangers for desuperheating the vapor before the mixing, internal heat exchange, 

or cooling circuits. Subsequently, the system was further adapted and improved, although its 

complexity increased. More advanced cycle configurations have been developed in addition to 

these modifications of the ACHP cycle with single-stage solution cycle. Figure 2.3 shows three 

cycle configurations of the ACHP, which have been assigned individual designations due to the 

modifications made and specific characteristics. 

   

(a) (b) (c) 

Figure 2.3. Schematic representations of (a) a wet compression cycle, (b) ACHP with two-stage 

solution circuit and (c) with single circuit and desorber/absorber heat exchange (DAHX) [Article I]. 

The wet compression cycle, also known as wet compression-resorption cycle, is shown in 

Figure 2.3a and was investigated by Bergmann and Hivessy (1990) [34], Itard and Machielsen 

(1994) [35] and Itard (1995) [36]. Contrary to dry compression with a separate solution circuit, 

the ammonia-water mixture leaving the desorber in a wet-vapor state is conveyed to the 

compressor without additional phase separation. Thus, a two-phase compression takes place, 

intended to reduce the compressor discharge temperature and the required compression work 

by decreasing the superheating of the vapor phase through continuous cooling by the present 

liquid. To achieve a good system performance, an extensive internal heat exchange and a 

suitable compressor with high isentropic efficiency are important. A disadvantage of the basic 
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wet compression approach is the loss of flexibility since the circulation ratio and mixture 

composition can no longer be varied during operation. 

To keep the flexibility of the ACHP cycle combined with the advantages of increased internal 

heat exchange, the modification of the single-stage solution circuit towards the two-stage 

solution circuit, as shown in Figure 2.3b, was investigated by Radermacher (1988) [37], Rane 

and Radermacher (1991) [38] and (1993) [39]. Here, two solution circuits are staggered, 

connected with an intermediate absorber-desorber pair for internal heat exchange. Occurring 

concentration differences between the solution circuits are compensated by a bleed line. The 

lean solution from the low temperature circuit is fed into the rich solution of the high 

temperature circuit. This modification and the reduced temperature differences for each stage 

enable the system to achieve high temperature lifts of up to 100 K at comparatively modest 

pressure ratios, which can be achieved with a single compressor stage. Compared to a single 

fluid VCHP, a reduction in the required pressure ratio of 40% to 65% and a resulting 

improvement in COP can be achieved for a given temperature lift [40]. However, because both 

stages are supplied with vapor by the compressor, the capacity will be reduced by 45%. This 

leads to a necessary increase in mass flow, which however can have a positive effect on the se-

lection and performance of a suitable compressor. 

The vapor compression cycle with solution circuit and desorber/absorber heat exchange 

(DAHX) cycle, as shown in Figure 2.3c, was investigated by Groll and Radermacher (1994) 

[41]. In this approach, the gliding temperature intervals of desorber and absorber are further 

increased, allowing them to overlap. A portion of the heat transferred internally from absorber 

II to desorber II. As a result, the DAHX cycle only requires one solution pump and compressor 

while having similar characteristics to a two-stage solution circuit. Due to the internal heat 

exchange, the required pressure ratio for a temperature lift of 75 K can be reduced by up to 75% 

compared to a single fluid VCHP, with a possible COP increase of more than 40%. However, 

using only one solution circuit results in a loss of flexibility regarding the temperature glides, 

whereby the temperature intervals are dependent on the pressure ratio and can no longer be 

selected independently. 

Based on the presented characteristics of the different cycles, it can be concluded that each 

cycle features specific advantages for different requirements and applications. The ACHP with 

single-stage solution circuit is considered most suitable for most industrial applications with 

the advantage of adjustable temperature glides and capacity. Wet compression can help to solve 
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occurring challenges such as high compressor discharge temperatures. The two-stage solution 

circuit is considered a promising approach for applications with the highest required 

temperature lift and small temperature glide, while the DAHX cycle achieves considerable 

temperature glides with lower temperature lift [42]. 

2.3 State-of-the-art 

In the following, the state-of-the-art for the ACHP system using ammonia-water mixture as 

working fluid is examined based on the experimental work carried out. The experiments 

conducted until 1994 were comprehensively discussed by Groll (1997) [21], with an update of 

experiments until 2001 by Nordtvedt (2005) [43]. Based on these results, an updated overview 

of conducted experimental investigations was prepared and is presented in detail in Article I in 

the Appendix. Table 2.1 provides a summarized overview of selected parameters of the 

experimental investigations on the different ammonia-water ACHP cycles. 

Table 2.1. Summarized overview of experimental investigations on the different ACHP cycles. 

Cycle type Capacity 

[kW] 

𝑻𝒔𝒐𝒖𝒓𝒄𝒆 

[°C] 

𝑻𝒔𝒊𝒏𝒌 

[°C] 

COP 

[-] 

Compressor 

design 

Absorber/ 

Desorber design 

ACHP with single-

stage solution circuit 

7 to  

4500 

 95 to  

15 

25 to  

115 

2.1 to 

11.3 

Piston, (twin) 

screw 

Shell/tube, 

corrugated PHE 

Wet Compression 1.4 to  

1000 

70 to  

3 

15 to  

92 

1.4 to  

4.4 

Screw, scroll, 

liquid ring 

Shell/tube, 

tube/tube 

ACHP with two-stage 

solution circuit 

4.2 4 to  

-5 

96 to  

104 

1.0c Piston Shell/tube vertical 

ACHP with single 

circuit and DAHX 

5.0 0 to  

-6 

58 to  

74 

0.9c Piston Shell/tube vertical 

The ACHP cycle with single-stage solution circuit is the most frequently experimentally 

investigated cycle, accounting for 16 publications identified from 1983 until 2021. The installed 

capacities range from laboratory plants starting from 7 kW up to industrial pilot plants with 

capacities ranging from 160 kW up to 4500 kW. Almost identical inlet temperatures were often 

selected for heat source and heat sink temperatures, whereby a larger temperature glide was 

usually achieved on the heat sink side. The highest achieved heat sink outlet temperature was 

at constant 115 °C during a steam generation process with many other attempts frequently 

ranging below 100 °C due to the limitation of the open water auxiliary circuits used. The 

achieved COPs range from 2.1 to 11.3, whereby a direct comparison is difficult due to the 
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different temperature levels and stages of optimization (insulation, compressor size, selected 

pinch point in heat exchanger).  

Regarding the compressor design, oil-lubricated reciprocating compressors with single or two-

stage compression were employed in most of the investigations. Two times twin screw 

compressors with oil lubrication and oil cooling were used. Only four cases of oil-free operation 

involving three reciprocating compressors (two single-stage and one two-stage compression) 

and one screw compressor were tested. The oil-lubricated two-stage reciprocating compressors 

often achieved the highest temperature lifts, which is in proportion to the required pressure 

ratio. Here, intercooling with an additional heat exchanger between the compression stages was 

frequently used to reduce the occurring discharge temperature. In the absorber and desorber 

design, an evolution from shell-and-tube to corrugated plate heat exchangers (PHE) was 

observed, and the alignment changed from horizontal to vertical. In this context, several 

innovative approaches have been employed. The connection of several PHEs in series to extend 

the effective heat transfer length in combination with different operation modes, described as 

falling film and bubble mode, and mixing techniques were evaluated. 

The wet compression cycle was investigated in five experimental studies. The first of these are 

industrial pilot plants with capacities of 500 kW and 1000 kW, which follow in time with the 

first installation of the single-stage ACHP pilot plants. Then a wet compression laboratory 

facility was investigated with one of the smallest capacities of all ACHP cycles at 1.4 kW. The 

tested temperature levels vary in all investigations with the shared feature of a larger 

temperature gradient over the heat sink. Single-stage compressors lubricated with solution were 

used for all investigations, although a wide variation of different compressor types was tested. 

Except for the liquid ring compressor employed by Itard (1998) [44], all types were considered 

suitable for use in wet compression cycles. However, for efficient and reliable use, the authors 

highlight the importance of modifications, such as the selection of suitable bearings and the 

design of the liquid injection system [34,45–47]. For the design of absorber and desorber, an 

evolution from horizontal to vertical arrangement was observed. Additionally, Torstensson and 

Nowacki (1991) [47] tested a coaxial arrangement of a tube-to-tube heat exchanger. Itard (1998) 

[44] employed plate-fin heat exchangers with the aim of increasing the heat transfer area as a 

precursor to the commonly used corrugated PHE. 

The ACHP with two-stage solution circuit and the ACHP with single-stage circuit with DAHX 

have both been studied only once by a group of researchers led by Radermacher [38,41]. The 
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researchers modified an existing single-stage laboratory facility designed by Rane et al. (1989) 

[48] to investigate the different cycle configurations as previously described. The ACHP with 

two-stage solution circuit investigated by Rane and Radermacher (1991) [38] had a capacity of 

4.2 kW and achieved a total temperature lift of 100.5 K with almost identical temperature glides 

ranging from 4 °C to -5 °C for the source and from 96 °C to 104 °C for the sink. This enables 

simultaneous use for cooling and heating and results in a determined cooling COP of 1.  

Groll and Radermacher (1993) [41] achieved during the investigation of the ACHP with single-

stage circuit with DAHX a capacity of 5 kW with a total temperature lift of 68.7 K with 

temperature glides ranging from 0 °C to -6 °C for the source and from 58 °C to 74 °C for the 

sink. Despite the lower temperature lift and required pressure ratio, the achieved cooling COP 

at 0.9 is smaller than the cooling COP obtained for the ACHP with two-stage solution circuit. 

For both investigations, oil-free two-stage reciprocating compressors with water cooling were 

used and vertically arranged shell-and-tube heat exchangers were installed as absorber and 

desorber. Groll and Radermacher (1993) [41] identified a potential COP increase of over 40% 

by optimizing the compressor for use in the ACHP with single-stage circuit with DAHX. 

2.3.1 Identified challenges 

Based on the experimental work presented and discussed, different challenges for the 

realization and improvement of ACHP systems were identified. Figure 2.4 presents an overview 

of the identified challenges and allocates them to the different system component sections. 

 

Figure 2.4. Overview of identified challenges allocated to the different system components. 
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The individual challenges allocated to the different system components are explained in more 

detail below: 

1. Absorber (and desorber) design: An efficient design of the absorber and desorber is 

an important factor in improving the performance of the system. Therefore, an advanced 

understanding of the occurring heat transfer phenomena is essential, especially for the 

absorber at high temperature and high-pressure operation. 

2. Liquid-vapor mixing and distribution process: When using plate-plate heat 

exchanger, an appropriate selection of the operation mode together with the 

establishment of an effective liquid-vapor mixing and distribution are essential to 

achieve high overall heat transfer coefficients and overall system performances. 

3. Compressor discharge temperature: Occurring discharge temperatures during the 

compression of ammonia vapor constrain the achievement of higher sink outlet 

temperatures, as they can cause problems, such as decomposition of used lubricating 

oils and material problems in the compressor. 

3. Compressor lubrication: When oil is used to lubricate the compressor, additional 

components are needed for separation and cooling, raising the complexity and costs. In 

addition, the oil tends to penetrate the whole circuit, which requires a recirculation 

system and can have a negative impact on the heat pump performance. 

3. Oil-free operation of the system: Compressors that can be operated oil-free or with 

lubrication done by the refrigerant are often associated with higher equipment costs due 

to necessary modifications or are unavailable for commercial use. 

4. Solution pump: Due to the saturated liquid leaving the liquid-vapor separator, 

cavitation caused by changing low-pressure conditions related to rapid changes in 

compressor operation and system operating conditions is a major challenge for the 

selection and reliable operation of the solution pump in ACHP systems.  
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2.3.2 Summary of existing solutions 

Figure 2.5 summarizes the existing solutions for the realization of ACHP systems in a mind 

map. The classification is based on the performed experimental work and accompanying 

theoretical studies. The fields highlighted in green indicate the currently most frequently used 

solutions for commercial applications of each system part. 

 

Figure 2.5. Overview of recent developments and existing solutions for realization of ACHP systems 

(fields highlighted in green indicate the currently most frequently used solutions for commercial 

applications of each system part) [Article I]. 

Four different cycle configurations were discussed and tested for the design of the ACHP 

system, whereby the ACHP with single-stage solution circuit was most frequently investigated 

and is used commercially today. The compressor as a major component and constraint for 

achieving higher heat sink outlet temperatures, features a wide range of solutions. To enable 

high temperature lifts and sink outlet temperatures it is necessary to provide a high discharge 

pressure and pressure ratio. During compression of the ammonia vapor the discharge 

temperature is comparatively high due to the relatively low density and specific heat capacity 

of ammonia in the superheated vapor phase [49]. With the aim of reducing occurring 
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compressor discharge temperatures and costs, several types with different compression stages 

and lubrication solutions were used and studied. Positive displacement compressors, such as 

reciprocating and screw compressors, have been identified as promising compressor solutions 

due to the higher achievable pressure ratios and lower swept volumes when compared with 

dynamic compression systems. For commercial applications, oil-lubricated reciprocating 

compressors with two-stage compression and intercooling are currently employed.  

For the absorber and desorber design, different designs with varying alignments were 

investigated. In commercial applications, vertically aligned PHEs are used in different 

operating modes with the associated devices for liquid-vapor mixing and distribution. The 

plates can be pressed with different shapes to increase turbulence, fluid distribution and surface 

area [50]. Due to these features, the design can be much more compact. However, the specific 

design and operation, especially at high pressures, remain the subject of ongoing research to 

further increase efficiency while reducing the required size and cost.  

Different approaches for the solution pump have been investigated to reduce the risk of 

cavitation in the mainly used centrifugal pumps. Besides the general reduction of pressure 

losses upstream of the pump inlet by the appropriate design of the piping, it is important to 

place the pump as low as possible in the system to generate a pressure increase due to the static 

height of the upstream liquid column in the liquid-vapor separator. Other approaches include 

external sub-cooling of the lean solution or the use of an additional booster pump. Despite 

numerous theoretical studies on alternative working fluid pairs, experimental experience in 

ACHP systems is mainly limited to the use of ammonia-water.  

While one system configuration is currently most frequently used for commercial applications, 

the use and combination of other solutions is explicitly not excluded to overcome existing 

challenges and further improve the ACHP system performance. Depending on the 

circumstances, a follow-up and combination of different component solutions can be a 

promising approach to improve the achievable operating parameter and efficiency to increase 

the suitable application range and competitiveness compared to VCHPs and other conventional 

solutions for industrial high temperature applications.  
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2.4 Potential use of ACHP in industrial applications 

The purpose of this sub-chapter is to examine the potential use of ACHP systems in industrial 

applications. The presented content is based on the insights gained from the analysis of the 

integrated energy system of a green-field dairy during winter (Article II) and summer (Paper 

VII) operation. A further potential application is presented in the theoretical investigation of 

different strategies for the recovery of available low-grade waste heat from a CO2/NH3- cascade 

refrigeration system by using high-temperature heat pumps (Paper V). The integrated energy 

systems are designed with interconnected heat pump systems to supply all cooling and heating 

demands of the various consumers at different temperature levels. The system design must 

consider varying operation conditions caused by changing production periods and seasonal 

variations. Auxiliary systems, such as dry chiller or electric heater, can be installed as back-up 

to compensate for occurring fluctuations in demand. 

In the context of the intended and essential decarbonization and efficiency improvement of 

industrial processes, there is great demand for the integration and use of HTHPs. Food 

processing plants in particular offer great potential for initial improvement measures due to the 

simultaneous cooling and heating requirements in achievable temperature ranges for heat pump 

solutions that are currently ready for the market [51]. Most of this energy is generated using 

fossil fuels, and the decarbonization of these processes is key for a green transition of the 

industry [52]. In conventional plants the heating demand is traditionally covered by fossil fuel 

boilers, while the cooling demand is covered by a separate refrigeration system. By integrating 

industrial heat pump systems that can provide both process cooling and heating, the overall 

efficiency of the system can be significantly increased while reducing the energy demand. As 

a result, the need for fossil fuels can be reduced and/or eliminated altogether. Combined with a 

steady reduction in the share of fossil fuels in power generation, this can lead to a significant 

reduction in GHG emissions and reduce grid dependency and cost.  

Conducted investigations focusing on the integration of HTHPs reveal the great potential for 

the achievable application range and given characteristics of ACHP systems, as summarized by 

Jiang et al. (2022) [53]. The existing temperature glide in the desorber and absorber combined 

with the large achievable temperature lift and range enables simultaneous supply for both 

cooling and heating demands. The use in combination with multiple heat pump systems can be 

reasonable if there exists heating demand at different temperature levels. In this case, different 

heat pump systems can be connected directly or by using thermal storage tanks to serve all 
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energy consumers. The demand of the different consumers will often vary depending on the 

process and ambient conditions. The use of thermal storage tanks can help to buffer possible 

demand peaks and fluctuations while increasing the operational stability of the heat pump 

systems.  

The analysis of the integrated energy system of the investigated dairy in summer and winter 

operation demonstrated that a reliable operation with nearly constant efficiencies is achievable. 

A waste heat recovery rate of up to 95% was achieved with little external heat input. The ACHP 

system is used as HTHP stage, delivering a supply temperature of 95 °C at a temperature lift of 

33.5 K. An average COP of 5.8 is achieved with a Carnot efficiency of more than 50%. The 

demand fluctuations occurring during the operation period require efficient capacity control to 

obtain good results despite part load operation of the heat pump systems.  

The results obtained show that ACHP systems operate reliable and efficient in commercial 

application cases up to 100 °C. By increasing the achievable supply temperatures, the potential 

application range can be further increased. Furthermore, there is a great demand for supplying 

higher supply temperatures, which are required in many industrial processes with existing 

energy systems based on steam or with the general demand of higher process temperatures.  

The investigation of different waste heat recovery strategies (Paper V) indicated great potential 

for savings in overall energy consumption and GHG emissions through the increased 

integration of HTHPs and heat recovery rates. The results for the investigated cases indicate 

that the integration of heat pumps can lead to potential GHG emissions reductions of up to 35% 

even in locations with comparatively low CO2 equivalent of the energy sources used, such as 

electricity in Norway. The possible oil-free operation of the ACHP system can lead to improved 

efficiency and reduced costs by saving on oil components. This can further improve the 

competitiveness for the use of ACHP system in industrial applications compared to 

conventional systems.  
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2.5 Summary 

Growing interest in ACHP systems has been recognized over the last years and was supported 

by the successful implementation of the first commercial units. A variety of theoretical and 

experimental studies were addressed to the improvement of achievable operating parameters 

and system efficiency to increase the competitiveness of the ACHP system in comparison to 

VCHPs and conventional solutions for industrial high temperature applications. Large variety 

of cycle configurations of the ACHP system with specific characteristics were developed and 

investigated. The ACHP with a single-stage solution circuit is the most studied configuration 

and the only one in commercial use today.  

To extend the application range of the ACHP system, the existing challenges and solutions were 

identified and presented based on the conducted research. The compressor is a major constraint 

to achieve higher heat sink outlet temperatures of more than 120 °C, with existing challenges 

in terms of discharge temperature, lubrication, and oil-free operation of the system. Different 

types and configurations of heat exchangers have been used. For the design and operation of 

absorber and desorber, a clear trend towards vertically arranged PHEs has emerged. However, 

the optimal design to achieve effective liquid-vapor distribution and high overall heat transfer 

coefficients remains challenging. The ability to determine and predict the parameters required 

for the design and control of absorber and desorber more accurately is an important goal for the 

wider deployment of ACHP systems in industrial applications at high temperature operation. 

Different strategies to avoid cavitation in the solution pump were successfully implemented and 

tested, thus widely solving this problem discussed in earlier literature.  

In summary, further numerical investigations and especially experimental work are required to 

develop and test novel concepts to improve the usability and performance of ACHP systems 

for high temperature applications with heat supply temperatures past 120 °C. 
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3 Design of the Experimental ACHP Prototype 

This chapter presents an outline of the theoretical and numerical approaches (methodology) 

used in the development and design of the experimental ACHP prototype. The ACHP cycle 

with a single-solution circuit is the commercially deployed and most frequently investigated 

ACHP system so far and is used in the further study. The task description of the planned 

installation is defined based on the previously presented objectives and identified challenges. 

The design of the ACHP system with the main component sections, namely compressor, 

desorber and absorber with mixing and solution pump, are addressed, and the results are 

summarized for the implementation in the experimental ACHP prototype. The component 

sections refer thereby to the defined research focus areas in relation to the identified challenges.  

3.1 Task description of the experimental ACHP prototype 

There is a growing interest in the use of HTHPs, such as the ACHP system, in industrial 

applications at high temperature operation. Experimental investigations and industrial 

applications are currently mainly limited to reach heat sink outlet temperatures of up to 100 °C 

with a potential maximum of 120 °C, as demonstrated in Chapter 2.  

The maximum operational range of ammonia-water ACHP with a single-stage solution cycle 

using standard refrigeration components up to 28 bar can reach up to 111 °C with single-stage 

dry compression and up to 126 °C with two-stage dry compression, based on theoretical studies 

by Jensen (2015) [18]. The upper limit of the achievable temperature results from a constrained 

compressor discharge temperature of 170 °C and a minimum NH3 mass fraction of 0.95 at the 

compressor inlet. Higher heat sink temperatures can be achieved by using components designed 

for higher operating pressure and temperature. With the compressor as main constraint, 

different configurations, and measures to reduce the compressor discharge temperature, such 

as intercooling, liquid injection, or wet compression can be applied.  

The aim of the development of the experimental ACHP prototype is to increase the achievable 

heat sink outlet temperature past 120 °C up to 140 °C and to optimize the system performance 

by exploiting the developments and improvements of recent years. Furthermore, the 

optimization of process parameters and specific components should be possible through 

extensive testing. To achieve these goals, the following specifications and requirements are 

defined for the experimental ACHP prototype (based on findings presented in Paper II): 
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1. The system components must be designed and selected to operate at high temperatures 

and high pressures to achieve the desired increase in heat sink outlet temperature. 

2. To investigate the different research focus areas of the ACHP system, the respective 

connections of the main components must be designed interchangeably and with 

sufficient installation space. 

3. It must be possible to vary the operating parameters of the ACHP system and to set the 

temperatures of heat source and heat sink inlets individually to test and analyse various 

potential operating conditions. 

4. The auxiliary system providing heat source and sink, and the measuring instruments 

used must provide a sufficient operating range to ensure the desired flexibility of the 

ACHP system. 

5. When selecting and dimensioning components, the resulting size and capacity must be 

considered for the given infrastructure of the NTNU laboratory. 

6. The use of the ammonia-water mixture as the working fluid and the desired high-

temperature operation imposes additional requirements on the ACHP system, such as 

material compatibility and oil-free operation: 

o When designing the system and selecting the components, all wetted parts must be 

made of ammonia-compatible material. Ammonia and aqueous ammonia are fully 

compatible with materials such as iron, steel, stainless steel, and aluminium but 

cause corrosion problems in contact with copper, zinc and copper-based alloys [49]. 

o The oil-free operation of components such as the compressor is desirable to keep 

the system and in particular the heat exchanger free of lubricant oil. Especially high 

temperatures and possible water content in the NH3 vapor flow increase the 

complexity and cost of the oil separation process. Incomplete separation results in 

lubricating oil being carried in other system parts, such as the heat exchanger, which 

can negatively affect the heat transfer properties and require additional components 

for oil recirculation [54].  
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3.2 Design of the ACHP system 

For the development and design of the experimental ACHP prototype, the ACHP cycle with 

single-stage solution circuit is investigated. Reaching higher sink outlet temperatures is highly 

constrained by the ammonia vapor compression process. Thus, the possibility of intercooling 

to reduce the occurring temperature during the compression process is required. The 

modification of the ACHP system by employing additional IHXs as well as liquid injection 

options are potential possibilities, as stated earlier and comprehensively investigated by Jensen 

(2015) [18]. The best results in terms of achievable heat sink outlet temperature and system 

COP were obtained with two-stage compression and intercooling with an additional IHX 

downstream the original IHX. However, compared to other options with additional IHX or 

bubble through intercooler, the liquid injection achieved good improvements. Furthermore, the 

number of required components is reduced, and installation costs may be decreased. Altogether, 

the modification of the ACHP system with the use of liquid injection is a promising approach 

to achieve the desired oil-free operation while improving the achievable system parameters. 

The investigations further demonstrated that the resulting design parameters are highly 

influenced by the selection of the ammonia mass fraction of the rich solution and the circulation 

ratio. It is therefore crucial to identify a suitable combination range for the specification of the 

design parameters [14]. In the following, the impact of the liquid injection on the ACHP system 

is analysed, and the design parameters of the experimental ACHP prototype are determined. 

3.2.1 System analysis 

To investigate the effect of liquid injection on the overall system performance, an energy and 

exergy analysis was conducted. For this purpose, a simulation model of the basic ACHP cycle 

with single-stage solution circuit was developed and implemented in Engineering Equation 

Solver (EES) [55]. Each component is modelled based on steady-state mass and energy 

balances. The model ensures that the second law of thermodynamics is fulfilled in all 

components and includes several assumptions to simplify the simulation. Pressure and 

temperature losses in the components and piping are neglected. Further, the liquid-vapour 

mixing is adiabatic, and equilibrium exists between the two phases in absorber, desorber and 

separator. The thermodynamic properties of the ammonia-water mixture are determined using 

the built-in function "CALL NH3H2O (123,T,P,x:T,P,x,h,s,u,v,q)" based on the Ibrahim and 

Klein (1993) [56] equation of state. The function requires three independent properties (for 

instance, temperature, pressure and NH3 mass fraction) to determine the thermodynamic 
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properties of the ammonia-water mixture in subcooled, saturated, and superheated conditions. 

The correlation is applicable for temperatures ranging from 230 K to 600 K at equilibrium 

pressures between 0.2 bar to 110 bar. Figure 3.1 shows (a) the schematic of the simulation 

model and (b) the detailed compressor configuration with state points for the liquid injection. 

 

Figure 3.1. Schematic of (a) the simulation model and (b) the detailed compressor configuration. 

The compressor configuration was extended by splitting the compression process from the low-

pressure level (𝑝𝐿𝑃) to the high-pressure (𝑝𝐻𝑃) level into two stages (CM 1 and CM 2), with the 

possibility of liquid injection as mixing (Mixer 2) between the two stages at intermediate 

pressure (𝑝𝐼𝑛𝑡). Three additional state points were introduced for the simulation and further 

analysis of the split compression procedure with liquid injection: 2.1 – Outlet conditions of the 

first compressor stage (CM 1), 5𝑖𝑛𝑗 – Injection of lean solution and 2.2 – Inlet conditions of the 

second compressor stage (CM 2). The intermediate pressure level is determined with 𝑝𝐼𝑛𝑡 =√𝑝𝐿𝑃 ∙ 𝑝𝐻𝑃. For the execution of the simulations, the injection ratio (𝜁) is introduced as the ratio 

of the injection mass flow rate to the vapor mass flow rate from the liquid-vapor separator. This 

results in �̇�5,𝑖𝑛𝑗 = �̇�2.1 ∙ 𝜁 for the injection mass flow rate, �̇�2.2 = �̇�2.1 + �̇�5,𝑖𝑛𝑗 for the mass 

flow rate leaving CM 2 and �̇�5,𝑙𝑆 = �̇�5 − �̇�5,𝑖𝑛𝑗 for the lean solution mass flow rate. To 

determine the state points of the compression process, the following procedure was used: 

1. State point 2.1 – after real compression in CM 1 with 

ℎ2.1 =  (ℎ2.1,𝑖𝑠𝑒𝑛−ℎ2) + ℎ2 ∙ 𝜂𝑖𝑠𝑒𝑛,𝐶𝑀1𝜂𝑖𝑠𝑒𝑛,𝐶𝑀1  Eq. (3.1) 
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2. State point 2.2 – after mixing in Mixer 2 with 

ℎ2.2 =  (ℎ2.1 ∙ �̇�2.1 + ℎ5,𝑖𝑛𝑗 ∙ �̇�𝑖𝑛𝑗)�̇�2.2  Eq. (3.2) 

𝑥2.2 =  (𝑥2.1 ∙ �̇�2.1 + 𝑥5,𝑖𝑛𝑗 ∙ �̇�𝑖𝑛𝑗)�̇�2.2  Eq. (3.3) 

3. State point 3 – after real compression in CM 2 with 

ℎ3 =  (ℎ3,𝑖𝑠𝑒𝑛−ℎ2.2) + ℎ2.2 ∙ 𝜂𝑖𝑠𝑒𝑛,𝐶𝑀2𝜂𝑖𝑠𝑒𝑛,𝐶𝑀2  Eq. (3.4) 

More detailed information can be found in the EES model in Appendix A.1. 

To analysis the effect of liquid injection on the system performance, different cases with 

changing injection ratios and varying input parameters such as the pressure levels, circulation 

ratio and inlet temperatures were investigated. For this, constant input parameters were defined 

for the different components of the model as presented in Table 3.1. 

Table 3.1. Component input parameters. 

Component Input Value Unit 

Compressor 𝜂𝑖𝑠𝑒𝑛 0.79 - 

Compressor 𝜂𝑚𝑜𝑡𝑜𝑟 0.9 - 

Pump 𝜂𝑖𝑠𝑒𝑛 1.0 - 

Pump 𝜂𝑚𝑜𝑡𝑜𝑟 0.9 - 

Desorber 𝜀 0.9 - 

Desorber Δ𝑇𝑝𝑝,𝑚𝑖𝑛 5 K 

IHX 𝜀 0.9 - 

Absorber Δ𝑇𝑝𝑝,𝑚𝑖𝑛 5 K 

Two cases, one without injection (Case 1) and one with an injection ratio of 10% of the 

compressor inlet mass flow (Case 2) are compared, with the aim of achieving a heat sink outlet 

temperature of up to 120 °C. Table 3.2 presents the input parameters used for the simulation of 

the two cases.  
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Table 3.2. Simulation input parameters used. 

Parameter 
Case1 Case 2 

Value Unit Value Unit 

Injection ratio 𝜁 0.0 - 0.1 - 

Circulation ratio 𝐶𝑅 0.5 - 0.5 - 

Heat capacity �̇�𝑠𝑖𝑛𝑘 200 kW 200 kW 

Low-pressure level 𝑝𝐿𝑃 7 bar 7 bar 

High-pressure level 𝑝𝐻𝑃 35 bar 35 bar 

Heat source inlet temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒,𝑖𝑛 60 °C 60 °C 

Heat sink inlet temperature 𝑇𝑠𝑖𝑛𝑘,𝑖𝑛 60 °C 60 °C 

The simulation results for the different stream points are shown in Table 3.3 and  

Table 3.4 for the case without and with 10% injection ratio, respectively. 

Table 3.3. Simulation results for Case 1 without liquid injection. 

Stream 𝒋 

�̇�𝒋 [𝐤𝐠 𝐬⁄ ] 𝒙𝒋 [𝐤𝐠 𝐤𝐠⁄ ] 𝑻𝒋 [°𝐂] 𝒑𝒋 [𝐛𝐚𝐫] 𝒉𝒋 [𝐤𝐉 𝐤𝐠⁄ ] 𝒔𝒋 [𝐤𝐉 𝐤𝐠𝐊⁄ ] 
1 0.281 0.734 54.9 7.0 702 2.75 

2 0.140 0.992 54.9 7.0 1397 4.84 

2.1isen 0.140 0.992 120.1 15.7 1530 4.84 

2.1 0.140 0.992 133.3 15.7 1565 4.93 

2.2 0.140 0.992 133.3 15.7 1565 4.93 

3isen 0.140 0.992 209.1 35.0 1729 4.93 

3 0.140 0.992 224.4 35.0 1771 5.01 

4 0.140 0.475 54.9 7.0 7 0.65 

5 0.140 0.475 55.3 35.0 11 0.65 

5inj 0.000 0.475 55.6 15.7 11 0.66 

5ls 0.140 0.475 55.3 35.0 11 0.65 

6 0.140 0.475 85.3 35.0 148 1.05 

7 0.281 0.734 126.0 35.0 960 3.09 

8 0.281 0.734 88.6 35.0 248 1.21 

9 0.281 0.734 75.0 35.0 179 1.01 

10 0.281 0.734 28.9 7.0 179 1.08 

Sinkin 0.779 0.000 60.0 10.0 252 0.83 

Sinkout 0.779 0.000 120.9 10.0 509 1.54 

Sourcein 1.213 0.000 60.0 1.6 252 0.84 

Sourceout 1.213 0.000 33.9 1.6 142 0.49 
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Table 3.4. Simulation results for Case 2 with a liquid injection ratio of 10%. 

Stream 𝒋 

�̇�𝒋 [𝐤𝐠 𝐬⁄ ] 𝒙𝒋 [𝐤𝐠 𝐤𝐠⁄ ] 𝑻𝒋 [°𝐂] 𝒑𝒋 [𝐛𝐚𝐫] 𝒉𝒋 [𝐤𝐉 𝐤𝐠⁄ ] 𝒔𝒋 [𝐤𝐉 𝐤𝐠𝐊⁄ ] 
1 0.289 0.734 54.9 7.0 702 2.75 

2 0.144 0.992 54.9 7.0 1397 4.84 

2.1isen 0.144 0.992 120.1 15.7 1530 4.84 

2.1 0.144 0.992 133.3 15.7 1565 4.93 

2.2 0.159 0.945 95.1 15.7 1424 4.56 

3isen 0.159 0.945 133.9 35.0 1554 4.56 

3 0.159 0.945 144.5 35.0 1588 4.64 

4 0.144 0.475 54.9 7.0 7 0.65 

5 0.144 0.475 55.3 35.0 11 0.65 

5inj 0.014 0.475 55.6 15.7 11 0.66 

5ls 0.130 0.475 55.3 35.0 11 0.65 

6 0.130 0.475 85.3 35.0 148 1.05 

7 0.289 0.734 124.4 35.0 940 3.04 

8 0.289 0.734 88.6 35.0 248 1.21 

9 0.289 0.734 76.4 35.0 186 1.03 

10 0.289 0.734 29.1 7.0 186 1.10 

Sinkin 0.800 0.000 60.0 10.0 252 0.83 

Sinkout 0.800 0.000 119.4 10.0 502 1.52 

Sourcein 1.239 0.000 60.0 1.6 252 0.84 

Sourceout 1.239 0.000 34.1 1.6 143 0.50 

The results in Table 3.1 were used as a reference to roughly estimate the effects of liquid 

injection on the system. By injecting 10% of lean solution during the divided compression 

process, all values from the injection point forward to the absorber inlet were changed. The 

NH3 mass fraction and inlet temperature to the second compressor stage (CM 2) were reduced. 

As a result, the discharge temperature of the second compressor stage was significantly reduced 

from 224.4 °C to a manageable temperature for existing compressors of 144.5 °C. The total 

required compression work was reduced from 58.4 kW to 55.9 kW, despite the increased mass 

flow rates. The pump work remains in the range between 0.54 kW and 0.55 kW. With the 

constant heat load of 200 kW, this resulted in a system COP increase from 3.4 to 3.5 with the 

use of liquid injection. 

Based on the determined simulation results, an exergy analysis was conducted for all 

components within the ACHP system. The methodology and detailed results are presented in 

Paper III in the Appendix. The second compressor stage, absorber and first compressor stage 

are identified as main sources of irreversibility with the highest exergy destruction rates for 

both cases investigated. The overall exergy destruction rate was reduced from 32.2 kW to 



Design of the Experimental ACHP Prototype   

 

32 

30.3 kW for the case with liquid injection. The greatest improvement was achieved in the 

liquid-vapor mixing section upstream of the absorber by reducing the compressor discharge 

temperature and the associated approximation of the vapor and lean solution temperatures. 

Additional exergy destruction through the injection was compensated by the improvements in 

the liquid-vapor mixing, thus improving overall system exergy efficiency from 52.2% to 53.8%.  

The results revealed that besides reducing the compressor discharge temperature, liquid 

injection can improve the overall system efficiency. Considering the intended objectives for the 

ACHP system, such as increasing the achievable sink outlet temperature and oil-free system 

operation, the implementation of a compressor configuration with the injection of the lean 

solution during the compression process provides a promising approach. However, further 

investigations are required for the design and realization of this solution in the experimental 

ACHP prototype.  

3.2.2 Determination of design parameters 

The ACHP system model with injection of lean solution was used for the determination of 

design parameters. The aim was to define an appropriate combination range for the design of 

the experimental ACHP prototype to meet the defined task description. Simulations with 

varying input parameters were conducted, and the effects on the defined target parameters of 

achieving a high heat sink outlet temperature and system COP were evaluated. The occurring 

compressor discharge temperature and the maximum reachable high-pressure level were 

limiting factors in achieving higher values. The resulting volume and mass flow rates further 

restrict the availability of components for the technical installation. 

For this investigation, the thermodynamic model in EES (see Appendix A.1) was used with the 

previously defined component input parameters (see Table 3.1). The isentropic efficiency of 

the compressor was reduced to 0.6 to compensate for uncertainties due to liquid injection in the 

design of the compressor section. This adjustment follows the experimental results stated by 

Zaytsev et al. (2006) [57] for the achieved isentropic efficiencies of a twin-screw compressor 

in wet compression. Based on the previous results, the compression ratio was set to a fixed 

value of 5 with a constant injection ratio of 10% for all simulations. The circulation ratio, the 

low-pressure level and the inlet temperatures of the heat source and the heat sink were varied 

as input parameters within a reasonable range to perform the simulations and provide a 

parametric study. Table 3.5 shows the range of the input parameter used for the simulations. 
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Table 3.5. Input parameter range for the thermodynamic model in EES. 

Parameter Symbol Value Unit 

Circulation ratio 𝐶𝑅 0.4 to 0.8 - 

Desorber pressure level 𝑝𝐿𝑃 3 to 8 bar 

Heat source inlet temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒,𝑖𝑛 50 to 70 °C 

Heat sink inlet temperature 𝑇𝑠𝑖𝑛𝑘,𝑖𝑛 50 to 70 °C 

Figure 3.2 shows an exemplary selection of simulation results for varying circulation ratios with 

a focus on the achieved heat sink outlet temperature and COP for different desorber pressure 

levels at constant source inlet temperature of 50 °C. More results are provided in Appendix A.2. 

  

Figure 3.2. Effects of circulation ratio and desorber pressure on (a) heat sink outlet temperature and 

(b) COP at constant source inlet temperature of 50 °C. 

The results revealed the influence of the circulation ratio and the NH3 mass fractions on the 

achievable system parameters, as previously described in Section 2.2. The ammonia mass 

fraction of the lean solution depends on the prevailing equilibrium condition in the separator 

and decreases at lower source inlet temperatures. The required NH3 mass fraction of the rich 

solution correlates proportionally to this, while a higher circulation ratio reduces the difference 

in ammonia mass fraction between both solution streams. 

With increasing desorber pressure and corresponding absorber pressure, higher heat sink outlet 

temperatures were achieved. The same trend was observed for increased inlet temperatures. 

However, the discharge temperature limitation becomes more critical by reaching temperatures 

of almost 200 °C. With increasing circulation ratios, a strong increase in the sink outlet 
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temperature can be seen at the beginning, with a maximum in the range of 0.5 to 0.6 and an 

almost constant trend thereafter. 

With increasing inlet temperatures, the COP remained almost constant but was reduced for 

higher desorber pressure. At the same time, an increasing circulation rate decreases the COP 

due to the reduced capacity at constant compressor power consumption. A circulation ratio of 

between 0.5 to 0.6 yielded the highest COP values. These results are in line with previous 

investigations and findings presented in the literature by Nordtvedt (2005) [43] and Jensen et 

al. (2015) [14]. Based on the results of this study, the design parameters for the design of the 

experimental ACHP prototype are defined as listed in Table 3.6. 

Table 3.6. Determined design parameters. 

Design parameter Value Unit 

Pressure range Up to 40 bar 

Temperature range Up to 190 °C 

Heat sink capacity Up to 200 kW 

Circulation ratio 0.5 to 0.6 - 

NH3 mass fraction (rich solution) 0.6 to 0.75 kg/kg 

3.2.3 Summary 

The experimental ACHP prototype is designed as ACHP cycle with single-stage solution circuit 

with the possibility of liquid injection for the compressor configuration. Liquid injection can 

be realized with lean solution downstream of the solution pump or rich solution upstream of the 

expansion valve. The design parameters are specified to cover a wide range of operating 

conditions to ensure the desired flexibility in the performance of different investigations.  

• A thermodynamic model of the ACHP cycle with a single-stage solution cycle was 

developed and used in EES. 

• The conducted system analysis revealed that the use of liquid injection is a valid approach 

for the design of the ACHP system. 

• Design parameters were determined to meet the defined requirements of the experimental 

ACHP prototype. 

• The results serve as a basis for the design of applicable and feasible solutions for the 

component sections.  
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3.3 Design of the compressor section 

To enable high temperature lifts and heat sink outlet temperatures, it is necessary to provide a 

high discharge pressure and pressure ratio. During the compression of the ammonia vapor the 

discharge temperature is comparatively high due to the relatively low density and specific heat 

capacity of ammonia in the superheated vapor phase [49]. High discharge temperatures reduce 

the COP of the system and cause various problems, such as chemical decomposition of the 

working fluid, carbonization of the lubricant and collapse of seals [18]. Additionally, liquid 

portions can be included even for dry compression depending on the temperature and pressure 

level due to the characteristics of the ammonia-water mixture. Therefore, the compressor must 

be resistant to small amounts of liquid in the vapor stream during the compression. This is, 

furthermore, a fundamental requirement for wet compression. According to an extensive 

analysis by Zaytsev (2003) [45] and in agreement with the findings presented in Article I, 

positive displacement compressors, such as reciprocating and screw compressors, have been 

identified as promising compressor solutions due to the higher achievable pressure ratios and 

the lower swept volumes when compared with dynamic compression systems. With the aim of 

reducing the superheat occurring during compression and maintaining the discharge 

temperature in an acceptable range for the compressor, different potential compressor solutions 

are available for the implementation, as shown in Figure 3.3. 

  

Figure 3.3. Potential compressor configurations: (a) multi-stage compression with intercooling 

through an additional IHX and (b) single-stage compression with liquid injection [Article I]. 

The first possible solution, as shown in Figure 4a, is to divide the compression into two or more 

stages with an additional IHX for cooling the vapor after each stage. Therefore, multi-stage 

compression with intercooling can increase the achievable pressure ratio. The functionality of 

this solution with two-stage reciprocating compressors and intercooler connected to the lean 

solution circuit has been experimentally proven by various authors [22,43,58,59]. Moreover, 

there are other approaches to the implementation of intercooling. Jensen (2015) [18] 

investigated the effect of the positioning of the intercooler (upstream or downstream of the 
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contained solution IHX between rich and lean solution) as well as other alternatives, such as 

the use of a bubble through intercooler or mixing option with liquid injection. It was concluded 

that the solution with an additional IHX downstream of the contained solution IHX can most 

effectively reduce the discharge temperature and costs for a multi-stage compression system. 

Another promising solution, as shown in Figure 4b, is the use of a liquid-resistant single-stage 

compressor with the implementation of liquid injection (oil or oil-free using the working fluid) 

during the compression process. The injection can take place at various locations during the 

compression cycle and provides different functions, such as sealing, lubrication, and lowering 

the vapor temperature during compression [54]. The point of injection and amount of the 

injected liquid is a matter of optimization [57]. If all the liquid is carried along with the vapor, 

it is defined as wet compression [33]. Bergmann and Hivessy (1990) [34] stated that liquid 

injection makes the compressor operation smoother and more silent compared to dry 

compression. However, especially for the operation as wet compression the isentropic 

efficiencies obtained are often comparatively low due to the complexity of the compression 

process, causing various challenges in the design and optimization of the compressor and the 

injection system [60,61].  

To solve the identified challenge of the compressor discharge temperature and enable the 

desired oil-free system operation, a single-stage compression with liquid injection is considered 

a feasible compressor configuration for the implementation in the experimental ACHP 

prototype. For the realization of the injection line, both the lean solution downstream of the 

solution pump or the rich solution upstream of the expansion valve can be utilized. The 

preliminary thermodynamic analysis suggests that both desorption of gaseous ammonia from 

the liquid phase and full evaporation are achievable during the compression process with liquid 

injection, irrespective of the subcooled state of the injected lean or rich solution. An 

investigation within the scope of Paper I has shown that there is a growing interest and supply 

of compressors for ammonia with pressures up to 60 bar and more. However, yet no 

commercially available compressor can entirely meet the specified requirements. Therefore, a 

numerical investigation of an oil-free liquid-injected twin-screw compressor using ammonia-

water mixture was conducted to enhance the understanding of the thermodynamical behaviour 

during the compression process and to plan the design of the compressor section. A summary 

of the study conducted in Article III and the obtained key findings is presented below.  
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3.3.1 Numerical investigation of oil-free liquid-injected screw compressors (Article III)  

A quasi-one-dimensional numerical model of an oil-free liquid-injected twin-screw compressor 

was developed using the object-orientated Modelica language. It was implemented and 

simulated in the Dymola 2020 simulation environment [62] and the commercial TIL-Suite 3.5 

[63] and TILMedia 3.5 [64] libraries provided by TLK-Thermo GmbH. The model consists of 

multiple control volumes representing the respective rotor cavities and considers the effects of 

liquid injection, leakage flows and heat losses. Figure 3.4 illustrates the mass and energy flows 

associated with each control volume (CV) implemented in the compressor model. 

 

Figure 3.4. Mass and energy flows associated with each control volume [Paper IV]. 

Within the scope of the study, the effects of varying NH3 mass fractions of the injected solution, 

injection amounts, injection positions and compressor speeds on different parameters of the 

compression process were investigated. To perform the simulations, boundary conditions for 

pressure, temperature and NH3 mass fraction were defined based on the specified design 

parameters, and constant input values were set for the parameter of the investigated compressor. 

The defined boundary conditions are based on the expected operation conditions for the screw 

compressor in the experimental ACHP prototype. Figure 3.5 illustrates the simulation setup 

with the defined boundary conditions for the suction, injection, and discharge ports. 
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Figure 3.5. Simulation setup of the compressor model with defined boundary conditions [Article III]. 

The results revealed a strong influence of occurring internal leakages, varying NH3 mass 

fractions of the injected solution and changing injection amounts and positions on the evolution 

of temperature, pressure, and compression power. A reduction in the ammonia content at 

constant injection mass flow rate reduced the values for discharge temperature, over-pressure 

and required compression power due to the higher specific heat capacity of the increased water 

content. Further, the presence and residence time of liquid in the rotor cavity (wet compression) 

to provide sufficient lubrication and sealing of the compressor were a function of the NH3 mass 

fraction of the injected solution. The lowest and therefore best results of the investigated 

parameters were obtained with pure water, and it is therefore preferable to inject the lean 

solution in the ACHP system under the given conditions.  

Increasing the injection amount led to a further reduction of the investigated parameter values 

and an extension of the occurring wet compression phase. If the injection amount becomes too 

large, negative effects such as under-compression and backflow from the discharge port with 

resulting pressure pulsation will occur. By positioning the injection port at the beginning of the 

compression phase at 360° and injecting an amount of about 10% of the compressor’s suction 

mass flow rate, continuous wet compression was achieved. The split and distribution of the 

injection to several injection ports located at the beginning and in the middle of the compression 

phase (450° or 495°) supported the provision of a constant liquid film and reduced occurring 

under-compression and backflow. A reduction of the compressor speed from 62.5 Hz to 25 Hz 

with varying injection ratios in the range of 0%, 5% and 10% led to increased leakage flows, 

resulting in a drop of the volumetric efficiency from 0.97 to 0.88. As a result, an increased 

injection ratio is required to maintain constant values of the investigated parameters. Thus, it is 

necessary to adjust and optimize the injection amount to the respective operating conditions. 
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Due to existing limitations in the model caused by the simplified representation of leakage paths 

and other losses along with further unknown uncertainties, the results are considered as a kind 

of best-case analysis. Nevertheless, the performed study fulfils the purpose of providing 

information about the expected behaviour and preferable integration and design of the 

compressor section of the ACHP systems. The results for the lowest required injection amounts 

and the distribution of injection positions enable the development and design of the compressor 

and injection line for the experimental ACHP prototype. 

3.3.2 Summary 

The compressor section for the experimental ACHP prototype will be designed as an oil-free 

single-stage twin-screw compressor with the possibility of liquid injection. Since commercially 

available compressors were found to be unable to fulfil all the defined requirements, further 

modifications and experimental investigations are required. Based on the conducted research, 

the following conclusions for the design of the compressor section are drawn: 

• Liquid injection with about 10% of the compressor’s suction mass flow rate is required to 

lower the compressor discharge temperature and increase the efficiency of the compression 

process by sealing and lubricating the compressor. 

• Lean solution with a comparatively low NH3 mass fraction of about 0.4 should be injected, 

as the higher water content creates a greater cooling effect for identical injection amounts 

and reduces the required compression power more significantly. 

• Splitting and distributing the injection over multiple ports located at the beginning (360°) 

and in the middle of the compression phase (450 or 495°) can improve the provision of a 

continuous liquid film, whereby a portion of the liquid must, in any case, be injected at the 

beginning of the compression phase. 

• Injection amount and ratio must be adjusted and optimized depending on the operating 

conditions to enable an efficient performance with identical parameters by reducing 

occurring leakage flows. 

• Lubrication and cooling of the bearings and compressor screws using the injected solution 

to achieve oil-free operation must be addressed and requires further investigations and 

possibly the use of improved components.  
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3.4 Design of the desorber and absorber with mixing sections 

The desorber and absorber are critical components of ACHP systems to achieve higher system 

efficiencies and to obtain higher sink outlet temperatures [59,65]. For the use in ACHP systems 

with the zeotropic ammonia-water mixture as refrigerant, various requirements are defined for 

the properties of the heat exchanger used. In addition to the general requirements, such as the 

reduction of size and pressure losses, the suitability for the desired operating parameters must 

be considered [66]. To reduce installation costs, compact heat exchangers with a high area 

density (m²/m³) of the heat transfer surface combined with a high overall heat transfer 

coefficient (kW/(m²K)) are desired [67,68]. Furthermore, the establishment of effective liquid-

vapor mixing and the complete and continuous wetting of the heat transfer surfaces are 

important [69].  

The plates can be pressed with different shapes to increase turbulence, fluid distribution and 

surface area [50]. Due to these features, the design can be much more compact. In addition, 

PHE can provide high overall heat transfer coefficients, good wettability and liquid-vapor 

mixing [65]. Various approaches have been and are being investigated to improve the design 

and operation of desorbers and absorbers [70]. In general, it was concluded that longer plates 

combined with good distribution of the mixture and operation in counter-flow with the coolant 

have positive effects on the performance. Jung et al. (2014) [65] stated that increasing the ratio 

of plate length to gap (L/D) is more important than the ratio of width to gap (W/D) for more 

effective operation.  

Several possibilities are available for the implementation of the desorber and absorber. Due to 

the similarity of the operating conditions and requirements, the desorber is often designed and 

operated like a flooded evaporator. Thus, the solution enters at the bottom and flows upwards 

with the increasingly forming vapor phase during the ammonia desorption process. Táboas et 

al. (2010) [71] stated for a bubble desorber, that pressure has only a slight influence and mass 

flux a major influence. Experimental data from Nordtvedt (2005) [72] for PHE desorber were 

between 0.4 to 1.5 kW/(m²K).  

The absorber can be operated in falling film mode, where lean solution slides from top to bottom 

as a thin film on the surface of the vertical plate and vapor filling the free space is absorbed into 

the liquid film, releasing heat to the coolant. Another approach is to operate the absorber in 

bubble mode, where the lean solution and vapor are mixed at the bottom before entering the 

absorber and flow upwards in counter-flow with the coolant [73]. Furthermore, it is possible to 
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operate several PHEs in line using different operating modes to increase the effective heat 

exchanger plate length and utilise the advantages of both the respective operation modes 

[59,74]. Figure 3.6 shows a schematic representation of a plate heat exchanger operated as 

absorber in falling film and bubble mode. 

 

Figure 3.6. Schematic of PHE operated as absorber in (a) falling film and (b) bubble mode [Article I]. 

Bubble mode operation in the absorber of PHE in a ACHP cycle was investigated by An et al. 

(2013) [73]. Based on experiments with different sized PHE, they concluded that higher 

pressure is a more significant factor for increasing the heat exchanger performance than the 

size. The maximum overall heat transfer coefficients achieved for different PHE sizes were 

between 0.96 to 1.61 kW/m²K. In contrast, Lee et al. (2002) [75] reported values between 0.3 

to 0.55 kW/(m²K) at lower temperatures in a PHE test facility. More experimental data from 

Nordtvedt (2005) [72] for bubble and falling film absorber were between 0.6 to 1.4 kW/(m²K). 

Due to many parameters affecting the absorption and desorption process, which are not all 

documented in these sources, a direct comparison or deducing trends becomes impossible. 

However, it can be concluded that the overall heat transfer coefficients can vary considerably 

depending on the given operation conditions and other factors such as the liquid-vapor 

distribution. Therefore, it is important to further examine the options and requirements for the 

design of the liquid-vapor mixing section upstream the absorber. 

3.4.1 Liquid-vapor mixing section  

The implementation of the liquid-vapor mixing, and the distribution process depends on the 

selected operating mode of the absorber. The overall objective is to provide a uniform 

distribution of the two phases with a minimum pressure drop for an effective absorption process 

to achieve high heat exchanger efficiencies and heat sink outlet temperatures. Baksaas and 

Grandum (1999) [22] investigated the design of the mixing section for an absorber in falling 

film mode. For this purpose, the lean solution was injected via a vertically aligned nozzle into 
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the ammonia vapor stream at some distance upstream of the absorber inlet. The aim was to 

achieve a homogeneous mixture and an adiabatic adjustment of the streams prior to the heat 

transfer in the absorber. However, the objective was not met as the results demonstrated that 

the liquid is collected at the bottom of the tube and irregularly floods the first channels when 

entering the absorber. By modifying the mixing section in the form of a parallel injection of the 

lean solution into the ammonia vapor stream directly at the absorber inlet, a more homogeneous 

distribution and improved heat exchanger efficiency were obtained [76].  

When operating in bubble mode, the liquid-vapor mixture enters the absorber at the bottom. 

This eliminates the described problem of uneven liquid distribution in the first channels due to 

gravity. For the mixing section, the ammonia vapor can thus be injected into the lean solution 

stream using nozzles. The injection point for the mixing can be placed prior to the absorber 

inlet to achieve an alignment of the two phases. This can help to provide a homogenous liquid-

vapor distribution for an effective absorption process at the inlet of the absorber, resulting in a 

reduction of the required effective heat exchanger plate length. The configuration of the mixing 

section, together with the use of equipment such as nozzles and the correct positioning prior to 

the absorber needs to be addressed and requires further research. 

3.4.2 Summary 

The desorber and absorber sections of the experimental ACHP prototype are designed as two 

in series connected PHE units. Since commercially available PHE units are restricted in the 

available plate length at high-pressure and temperature operation. The following conclusions 

for the design of the desorber and absorber, and the liquid-vapor mixing sections are drawn: 

• The use of corrugated PHE is feasible for the design of the desorber and absorber. 

• Sufficient liquid-vapor distribution is essential to achieve high heat exchanger efficiencies 

and improve the design since theoretical studies often use homogenous approaches. 

• Longer heat exchanger plates are beneficial for achieving high heat transfer coefficients and 

sufficient liquid-vapor distribution (influence of the L/D ratio is greater than the W/D ratio). 

• When operating at high pressure and temperature levels, PHE's effective heat transfer area 

can be further increased by connecting multiple heat exchanger units in series. 

• The possibility and sufficient space to relocate the absorber inlet flow from bottom to top, 

together with different liquid-vapor mixing setups will be provided for experimental testing. 
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3.5 Solution pump section 

Different commercially available pumps are used, mainly centrifugal pumps for industrial-scale 

installations and diaphragm pumps for smaller laboratory-scale facilities. Occurring cavitation 

is a major challenge for the selection and operation of the solution pump in ACHP systems. The 

saturated lean solution entering from the liquid-vapor separator is very sensitive to changing 

low-pressure conditions caused by rapid changes in the operational speed of the solution pump 

or the compressor.  

To reduce the risk of cavitation, different approaches are available. In general, it is important 

to reduce occurring pressure losses in the pump intake line and smoothly change the pump and 

compressor's operational speed. The use of an upstream booster pump or a special design of the 

separator to provide enough static height of the liquid column for a pressure increase upstream 

of the solution pump was investigated by various researchers [43,65,76].  

Furthermore, Risberg et al. (2004) [23] and Markmann et al. (2019) [76] introduced an option 

to keep the low-pressure level in the separator stable and reduce the risk of cavitation due to 

rapid pressure changes by controlling the liquid level in the high-pressure receiver by regulating 

the expansion valve.  

The application of external subcooling of the lean solution, as used by Rane et al. (1989) [48], 

is another potential solution for additional cavitation protection in the experimental ACHP 

prototype with varying operating conditions. A straight tube-in-tube heat exchanger solution 

with sufficient diameter can minimise occurring pressure losses while providing the desired 

subcooling.  
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3.6 Summary 

For the development and design of the experimental ACHP prototype, the ACHP cycle with 

single-stage solution circuit was investigated. The task description was defined to achieve the 

specified research objectives, including the identified challenges and demands for the use of 

ACHP system at high temperature operation. A simulation model was developed and used to 

design the ACHP system and specify the design parameter for the development of the 

experimental ACHP prototype. The main component sections were designed to meet the 

defined specifications while existing limitations for available components on the market and 

potential modifications were addressed. Figure 3.7 shows the 3D model of the experimental 

ACHP prototype with the highlighted component sections for the defined research focus areas. 

 

Figure 3.7. 3D model of the experimental ACHP protype with the defined research focus areas.
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4 The Experimental ACHP Prototype 

This chapter presents the experimental ACHP prototype named “Osenbrück 4.0 Heat Pump” 

as part of the HighEFFLab [16]. It is the result of the conducted doctoral research work and 

located in the NTNU laboratory in Trondheim. The overall objective was to further advance the 

ACHP technology for the use in high temperature applications through the development of an 

experimental research installation. The experimental ACHP prototype provides the possibility 

to experimentally elaborate novel solutions for existing challenges of the different component 

sections, verify numerical models, and validate achievable operation conditions for potential 

use cases in various industrial applications. The system is designed for a maximum operating 

pressure of 40 bar and an operational temperature range from -10 °C to 190 °C with a maximum 

heat capacity of up to 200 kW. All heat-carrying components are insulated with 30 mm thick 

rock wool to minimize thermal losses to the ambient. The installation site is constructed as a 

machinery room to guarantee the required safety standards when handling ammonia. Figure 4.1 

shows the experimental ACHP prototype on-site in the NTNU laboratory. 

 

Figure 4.1. Picture of the experimental ACHP prototype on-site in the NTNU laboratory. 

In the following, the overall system design is introduced, focusing on the general functions and 

including component sections. The main components are described in detail with the 

functionality and design. The measuring system is presented, and the system charging with 

safety considerations is discussed. Finally, the control system and test procedure are presented. 
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4.1 System description 

The complete test facility consists of the experimental ACHP prototype with heat source and 

sink circuits, referred to as the auxiliary system. Figure 4.2 shows the flow diagram of the 

experimental ACHP prototype with measuring points and highlighted component sections.   

 

Figure 4.2. Flow diagram of the experimental ACHP prototype with measuring points. 

The flow diagram and general arrangement of the main components of the experimental ACHP 

prototype are based on the basic ACHP cycle schematic presented and described in Figure 2.1. 

For the implementation of the research focus areas described in Chapter 3, the ACHP system 

was further extended, as indicated by the highlighted component sections. Starting from the 

liquid-vapor separator, a tube-in-tube heat exchanger is installed to sub-cool the lean solution 

with external cooling water. An injection line with the possibility to inject the lean or rich 

solution through different injection ports into the screw compressor used is implemented. For 

the investigation of the absorber with different operating modes, a flow interchange of the 

solution streams with sufficient space for the associated mixing section is provided. A variety 

of measuring instruments are installed at all main components to determine all required 

operating and performance parameters (pressure, temperature, mass flow rate, density) for the 

analysis and evaluation of experimental investigations. The detailed piping and instrumentation 

diagram (P&ID) of the experimental ACHP prototype is given in Appendix A.3. 
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4.2 Components 

The functionality and design of the main components shown in Figure 4.2 are described below. 

4.2.1 Liquid-vapor separator 

The liquid-vapor separator receives the rich solution leaving the desorber in two-phase flow, 

and distributes the vapor phase to the compressor at the top and the lean liquid phase to the 

solution pump at the bottom. The separator volume is the main storage of the solution and serves 

as a buffer for reliable system operation during changing operating conditions. When designing 

the separator, it must be ensured that the volume is in proportion to the expected volume flows 

during system operation to ensure stable system performance with changing operating 

parameters. Since the mixture exists at vapor-liquid equilibrium (VLE), small drops in the 

prevailing pressure caused by increasing compressor speed will result in the desorption of 

ammonia from the liquid phase. This leads to vapor formation, which can cause the liquid flow 

to the solution pump to interrupt and/or cavitation to occur.  

It is designed as a horizontal vessel connected with a long pipe at the bottom, serving as inlet 

of the solution pump. The volume for the liquid-vapor separator is 204 litres with a minimum 

liquid column of 1.6 m above the solution pump. To further ensure the safe operation of the 

solution pump in the intended test operations, the intake pipe is designed as tube-in-tube heat 

exchanger. Thus, external cooling can be applied to sub-cool the lean solution at the inlet of the 

solution pump. Figure 4.3 shows a schematic of the liquid-vapor separator with indicated flows. 

 

Figure 4.3. Schematic of the liquid-vapor separator with indicated flows. 
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The design maximizes the liquid column with minimal volume to increase the upstream 

pressure to the solution pump through static height and prevent the formation of vapor and 

cavitation at the inlet. The given cross-section of the horizontal vessel ensures a large surface 

area for the liquid phase to enable improved evaporation. Both measures can help to reduce the 

required volume and refrigerant charge. 

4.2.2 Compressor with liquid injection line 

The compressor is critical for achieving higher sink outlet temperatures and system efficiencies. 

An oil-free twin-screw compressor with the possibility of liquid injection was selected based 

on the performed numerical study in Section 3.3.1. Since there was no ready-to-use compressor 

option available on the market, the required modifications for the oil-free operation and liquid 

injection were made to an existing compressor, following the results of the numerical study. 

The aim is to reduce the occurring compressor discharge temperature by using liquid injection 

of the rich or lean solution of the ACHP system. The injected liquid provides lubrication and 

sealing to ensure oil-free system operation.  

The compressor has an inbuilt volume ratio of 3.65 and is manufactured with three independent 

injection ports. The main injection port supplies all bearings with liquid and injects the liquid 

into the compression chamber at the beginning of the compression process. Two more injection 

ports are placed at the end of the compression phase, injecting in the male and female rotor 

cavities. The total injection flow rate and distribution and operation of the different injection 

ports can be regulated via flow setting valves during operation. Pressure, temperature, and mass 

flow rates are measured. Figure 4.4 shows the schematic of the compressor section with liquid 

injection line and connected injection ports. 

 

Figure 4.4. Schematic of the compressor section with liquid injection line. 
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4.2.3 Solution pump 

The solution pump delivers the liquid phase from the bottom of the liquid-vapor separator to 

the high-pressure side of the test facility. For this, a relatively small and, depending on the 

operating point, changing volume flow must be handled at the maximum possible pressure ratio 

to compensate for pressure losses occurring in the IHX and mixing section upstream of the 

absorber. This ability and corrosion resistance to the ammonia-water mixture are important 

factors when selecting a suitable solution pump.  

The selected solution pump is a multistage, in-line centrifugal pump of type CRN 3-31 S-FGJ-

T-E-HQQE special model with a controlled motor supplied by Grundfos. The solution pump is 

equipped with 31 impeller stages and can deliver volume flows from 0 to 4.5 m³/h with a 

maximum achievable pump head of up to 200 m. The maximum operating pressure is 50 bar 

with a maximum solution temperature of 120 °C. For variable regulation of the volume flow, 

the solution pump is equipped and operated by a frequency converter of type FC202 – 3 kW 

from Danfoss A/S. 

4.2.4 Absorber and mixing section 

The absorber and mixing section consists of three parts: flow interchange, mixing section, and 

two in-series connected absorber PHE units. It is designed to investigate different heat 

exchanger units and operation modes and the corresponding liquid-vapor distribution. Figure 

4.5 shows the schematic installation of the complete absorber and mixing section 

 

Figure 4.5. Schematic of the absorber and mixing section. 

The flow interchange allows for switching the direction of the rich and lean solution streams to 

operate the absorber in falling film and bubble mode. To provide the desired bubble mode 

operation, the mixing section is placed upstream of the absorber section and connected to the 

inlet at the bottom of the lower absorber unit. The mixing section consists of three individual 
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mixing ports (nozzles) to spray and distribute the vapor in the lean solution stream. The mixing 

ports are equally distributed with a spacing of 0.215 m, with a distance from 0.94 m to 1.37 m 

from the mixing points’ centre to the absorber inlet.  

To ensure efficient liquid-vapor distribution over the entire heat transfer area and thus achieve 

high effective heat transfer rates, an increased ratio of plate length to the gap distance (L/D) is 

advantageous for the design of the absorber section. The absorber section is equipped with two 

vertically aligned and in-series connected nickel-brazed PHE units of type AlfaNova XP52-

40H, supplied by Alfa Laval AS. The PHE units are made of stainless steel with a maximum 

pressure of 58 bar and an operating temperature of up to 225 °C. Therefore, the available overall 

length is technically limited, and it is required to split the section into two units to increase the 

overall plate length. Each PHE unit is designed with 40 corrugated plates with a high 

corrugation angle and a total heat transfer area of 2.22 m², resulting in 19 channels with a total 

volume of 1.81 litres for the refrigerant side and 20 channels with a total volume of 1.90 litres 

for the secondary fluid. Table 4.1 summarizes the plate characteristics of the different PHE 

units used. 

Table 4.1. Plate characteristics of the different PHE units used. 

Parameter Absorber Desorber IHX 

Number of plates [-] 40 40 20 

Total heat transfer area [m²] 2.22 2.22 0.61 

Overall length [m] 0.53 0.53 0.31 

Overall width [m] 0.11 0.11 0.11 

Gap distance [mm] 2.48 2.48 2.42 

Aspect ratio L/D [-] 213.7 213.7 128.1 

Aspect ratio W/D [-] 44.4 44.4 45.5 

4.2.5 High-pressure receiver 

The high-pressure receiver is a vertically oriented cylindrical vessel with a volume of 18 litres. 

It is placed downstream of the absorber and upstream of the IHX. The solution enters through 

the inlet port at the top and leaves the receiver through the outlet port with extraction from the 

bottom. The purpose of the high-pressure receiver is to ensure that the strong solution enters 

the IHX in liquid phase to maintain a high heat transfer rate. Further, rich solution is stored in 
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the high-pressure receiver to alter the system parameters. The variation of the liquid level can 

be used to control and adjust the operating conditions of the ACHP system. 

4.2.6 Internal heat exchanger 

The internal heat exchanger is operated in counter-flow and increases the efficiency of the 

ACHP system by further cooling the rich solution and simultaneously heating the lean solution 

prior to the mixing process. The rich solution's temperature reduction increases the heat source's 

possible heat intake. Heating the lean solution reduces the temperature difference with the 

superheated ammonia vapor and accelerates the equalization and absorption processes. 

The IHX used is a nickel-brazed PHE of type AlfaNova XP27-20H, supplied by Alfa Laval AS. 

It is made of stainless steel with a maximum pressure of 54 bar and an operating temperature 

of up to 225 °C. The PHE unit is designed with 20 corrugated plates with a high corrugation 

angle and a total heat transfer area of 0.61 m², resulting in 9 channels with a total volume of 

0.45 litres for the rich solution side and 10 channels with a total volume of 0.5 litres for the lean 

solution side. Table 4.1 summarizes the plate characteristics of the PHE unit used for the IHX. 

4.2.7 Expansion valve 

The expansion valve downstream of the IHX ensures an almost isenthalpic reduction of the 

pressure with the associated decrease in temperature of the rich solution before entering the 

desorber. The opening degree of the expansion valve is used for controlling the high-pressure 

level, and thus a linear operating characteristic is preferable. The ICM 20A model is used as 

expansion valve together with the associated ICAD 600A actuator, both supplied by Danfoss 

A/S. The digital actuator enables precise adjustment of the opening degree and thus control of 

the high-pressure level. 

4.2.8 Desorber 

The desorber is connected in counterflow with the heat source on the secondary side and 

transfers the heat into the ACHP system. Due to the previously expansion, the rich solution 

exists in the two-phase region and enters the desorber with small vapor mass fraction. The heat 

intake results in further desorption of the ammonia from the liquid phase. To minimize 

occurring flow barriers due to the increasing vapor phase, the PHE units are arranged vertically, 

and the solution enters at the bottom and is directed to the top. An increased gap distance can 

additionally be beneficial for this purpose. 
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The desorber section is equipped with two vertically aligned and in series connected nickel-

brazed PHE units of type AlfaNova X52-40L, supplied by Alfa Laval AS. The PHE units are 

made of stainless steel with a maximum pressure of 58 bar and an operating temperature of up 

to 225 °C. Each PHE unit is designed with 40 corrugated plates with a low corrugation angle 

and a total heat transfer area of 2.22 m², resulting in 19 channels with a total volume of 1.81 

litres for the refrigerant side and 20 channels with a total volume of 1.90 litres for the secondary 

fluid. Table 4.1 summarizes the plate characteristics of the desorber PHE units used. 

4.2.9 Auxiliary system 

The auxiliary system is a pressurised water system and serves as heat source and sink circuits 

for the experimental ACHP prototype and is connected via the respective absorber and desorber 

heat exchanger sections, as indicated in Figure 4.2. It is designed to provide independently 

adjustable inlet temperatures and volume flow rates for the heat source and sink circuits. Most 

of the energy is transferred and reused internally. Surplus heat can be released to the laboratory's 

cooling system via an additional heat exchanger and a temperature-controlled flow regulating 

valve. Figure 4.6 shows the flow diagram of the auxiliary system with connections. 

 

Figure 4.6. Flow diagram of the auxiliary system with heat source and sink circuits and connections. 

The auxiliary system consists of a single buffer tank (K01) with a volume of 200 litres and 

electrical heater, and an expansion tank (K02) with a volume of 50 litres. It is designed to 

operate in a temperature range from 0 °C up to 140 °C with a maximum system pressure of 

10 bar (PN10) and can handle a heat capacity of up to 200 kW at the heat sink side. The heat 
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source and sink circuits are equipped with regulated three-way valves (CV01 and CV02) and 

variable speed circulation pumps (PU01 and PU02) with a specific flow rate of 1.2 l/s and a 

maximum delivery head of 30 m. 

4.3 Measuring system 

For the measurement of all relevant process parameters, a variety of measuring instruments are 

installed in the entire ACHP system and the auxiliary system, as indicated in Figure 4.2. 

4.3.1 Instrumentation 

Table 4.2 lists the measuring instruments used with measuring parameters, range, and accuracy. 

Table 4.2. Range and accuracy of the measuring instruments connected to the test facility. 

Instrument Parameter Range Accuracy 

PT100 RTD - 1/3 DIN Temperature 0-200 °C ± (0.15+0.002·T) [°C] 

Absolute pressure transmitter Pressure 0-40 bar ± 0.1% FS 

  0-40 bar ± 0.25% FS 

  0-16 bar ± 0.1% FS 

  0-16 bar ± 0.25% FS 

  0-10 bar ± 0.25% FS 

Differential pressure transmitter Pressure 0-3 bar ± 0.05% FS 

Coriolis flow meter – NH3-H20 streams Mass flow 4.5-95 kg/min ± 0.1% FS 

 Density 100-3000 kg/m³ ± 1 kg/m³ 

Coriolis flow meter – Liquid injection Mass flow 0.2-4 kg/min ± 0.2% FS 

 Density 500-1400 kg/m³ ± 0.01 kg/litre 

Coriolis flow meter – Aux. system Mass flow 5-100 kg/min ± 0.2% FS 

 Density 500-1400 kg/m³ ± 0.01 kg/litre 

Frequency converter VLT FC202 Power 0-110 kW ± 1.0% FS 

 Power 0-3 kW ± 1.0% FS 

All temperature measuring points are equipped with PT100 resistance temperature detectors 

(RTD) with a defined measuring range between 0 °C and 200 °C and 1/3 DIN accuracy. The 

sensors are mounted in stainless steel thermowells with a small diameter and are aligned against 

the flow direction of the measuring medium. The sensors are connected to the data acquisition 

system (DAQ) with shielded 4-wire cables. The measurement chain for selected measuring 

points was calibrated on site against an AMETEK RTC-157 reference temperature calibrator 

in the range from -10 °C to 110 °C, achieving an accuracy of 0.1 °C and stability of 0.01 °C. 
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The pressure measuring points are equipped with absolute pressure transmitters with an 

accuracy of 0.25% of full scale (FS) and two different measuring ranges for the low-pressure 

side (up to 16 bar) and the high-pressure side (up to 40 bar). The entire measurement chain of 

a low-pressure transmitter was calibrated on-site against a FLUKE 719 Pro electric pressure 

calibrator in the range from 0.5 bar to 7 bar, achieving an accuracy of 0.005 bar. A transmitter 

with a higher accuracy of 0.1% FS is installed at the inlet of the desorber and absorber on the 

refrigerant side. This increases the accuracy of the entire measuring chain across all heat 

exchanger sections with the two interconnected differential pressure transmitters with a variable 

measuring range of up to 3 bar and an accuracy of 0.05% FS. 

Coriolis flow meters determine the mass flows and densities of all liquid streams in the ACHP 

and auxiliary system. The models and measuring ranges differ with respect to the calculated 

mass flows of the respective measuring streams. The accuracies are based on the manufacturer's 

specifications for the models selected.  

The consumed power is determined with an accuracy of 1.0% FS using the frequency converters 

for the compressor (110 kW) and the solution pump (3 kW). 

4.3.2 DAQ and data handling 

The DAQ acquires and processes the analogue measurement signals of all installed measuring 

instruments and is based on National Instrument components with LabVIEW software. It 

consists of a NI cRIO-9045 controller in conjunction with various modules for the specific 

measuring instruments. The system stores 5 readings per second for each measuring point. After 

reaching steady-state conditions, the readings will be logged and stored over a period of at least 

five minutes. The logged values are then averaged and serve as the basis for further calculations 

of the performance parameters of the system. A detailed overview of the P&ID view 

implemented in LabVIEW, including all measuring and control points, is given in Figure A.5 in 

the Appendix.  
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4.4 System charging and safety considerations 

During the initial commissioning, the experimental ACHP prototype is charged with an 

ammonia mass fraction of 0.45. For a total system charge of 55 kg, an ammonia mass of 25 kg 

and a water mass of 30 kg are specified. Prior to the filling process, the system is vacuumed to 

remove the remaining nitrogen from the leakage and pressure testing of the system. In the first 

step, distilled or demineralized water is added to the liquid-vapor separator. The system is 

vacuumed again to remove the oxygen contained in the water. After that, ammonia is slowly 

added to the liquid-vapor separator, dissolving the ammonia in the water. As a result, the system 

pressure increases until reaching its stagnation pressure. 

The use of ammonia requires the consideration and implementation of safety measures, which 

are specified in the NS-EN 378 1-4:2006 standards. Ammonia is toxic and dangerous to health 

in increased quantities. At the same time, it is flammable above specific saturation volumes and 

requires special attention. This includes a warning system for different concentration levels in 

the air and a ventilation system connected to the ambient or a scrubber to reduce the ammonia 

content. For safe operation during experiments, the experimental ACHP prototype is placed in 

a location designed as a machinery room. The room is equipped with NH3 sensors, ATEX-

protected electrical installations, and an emergency ventilation system. The room access is 

protected, and only trained personnel is allowed to enter and work on the ammonia-containing 

equipment. Personal protection measures are located inside the room and at a close distance 

around. The control and monitoring of the test facility during experiments are performed from 

the remote-control station located outside the room.  
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4.5 Control system 

The remote-control system operates the compressor, the solution pump, the expansion valve, 

the injection line valve, and the heat source and sink circulation pumps (computer/DAQ). 

Manual valves installed in the three individual liquid injection lines are used to achieve 

additional flow rate adjustments for the compressor injection. The heat source and sink inlet 

temperatures are set and controlled by three-way valves connected to the buffer tank, and the 

respective circuit return flows. PID controllers regulate the opening degrees to control the inlet 

temperatures. The temperature of the buffer tank is set and controlled by the electric heater with 

PID controller. Surplus heat is released to the laboratory cooling circuit via the additional heat 

exchanger and the temperature-regulated flow setting valve. Before starting an experiment, the 

system must be prepared by opening and closing the required manual shut-off valves to set the 

desired stream flow directions. 

4.5.1 Test procedure 

(1) After powering all system parts, the circulation pumps in the heat source and sink 

circuits are turned on.  

(2) The buffer tank, heat source and sink inlet temperatures are set and the system heats up. 

(3) The expansion valve is set to fully open.  

(4) The solution pump is started to pump the solution and heat the system.  

(5) The compressor is started and ramped up to 30% speed. The main injection valve is 

opened to provide liquid injection towards the bearings for lubrication and cooling. 

(6) When the desorber pressure is stable, the expansion valve is gradually closed until the 

required absorber pressure for complete absorption is achieved.  

(7) The solution pump and compressor speed are then adjusted to the desired capacity and 

operating point. The liquid injection flow rates towards the different compressor 

injection ports are adjusted accordingly via the use of the installed flow setting valves. 

(8) The mass flow rates of the heat source and sink circuits are set to the specified values.  

(9) The heat pump is operated until steady-state conditions are obtained.  

(10) All measuring points are logged in the DAQ for the duration of the experiment.
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5 Summary of Research Work 

This chapter provides a summary of the research work conducted in accordance with the 

research objectives of this thesis. The published articles contribute to the achievement of the 

defined sub-objectives of the doctoral work. Article I review the state-of-the-art with existing 

challenges and future trends for the utilization of ACHP systems. Article II presents operational 

data to provide an overview of the current use and potential future demand of ACHP systems 

in industrial high-temperature heat pump applications. Article III addresses the numerical 

investigation of an oil-free liquid-injected screw compressor to overcome existing limitations 

due to high compressor discharge temperatures and to develop novel oil-free solutions for the 

design of the compressor section. The development process of the experimental ACHP 

prototype was further supported by several peer-reviewed conference papers published on 

various related topics. The experimental ACHP prototype, as described in Chapter 4, is the 

cumulative result of all these studies. The sequential order of the conducted research work in 

combination with the respective scientific publications is illustrated in Figure 5.1. 

 

Figure 5.1. Sequential order of the conducted research work. 

The following summary of the published research work is intended to briefly describe the main 

research topics and highlight the key contributions of each journal article. More information 

and discussions on the results and findings of the conducted research work can be found in the 

attached publications in Appendix B.  
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5.1 Article I – Identification of existing challenges and future trends for the 

utilization of ammonia-water absorption-compression heat pumps at 

high temperature operation 

This article investigates existing challenges and future trends for the utilization of ACHP 

systems with ammonia-water mixture as refrigerant at high temperature operation. The working 

principle and advantages of the basic ACHP cycle and experimentally investigated cycle 

configurations were presented. An overview of the current state-of-the-technology was 

elaborated based on experimental investigations described in the literature.  

In this context, 23 references were evaluated with capacities ranging from 1.4 kW to 4500 kW, 

heat sink outlet temperatures between 45 °C to 115 °C and achieved COPs from 1.4 to 11.3. 

Existing challenges for the realization of ACHP systems with focus on the application at high 

temperature operation were identified. These challenges include the compressor concerning the 

discharge temperature and lubrication, the absorber and desorber design and operation, the 

establishment of efficient liquid-vapor mixing and distribution, and the selection and cavitation 

protection of the solution pump.  

To address these challenges, recent developments and promising solutions for the different 

component sections were highlighted and summarized in a mind map. Furthermore, possible 

trends for future studies were identified and discussed. The purpose of this study was to serve 

as a starting point for further research by linking theoretical approaches, possible solutions and 

experimental results as a source for further developments in the utilization of ammonia-water 

ACHP systems at high temperature operation. 

This article includes and extends the content and results from the published conference Paper I 

and Paper II. The results and findings obtained from this research serve as the background for 

the doctoral thesis and form the basis for the development and design of the experimental ACHP 

prototype and the presented component solutions.  
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5.2 Article II – Integrated HTHPs and thermal storage tanks for combined 

heating and cooling in the industry 

This article investigates the integrated energy system of a newly built dairy in Bergen, Norway. 

The aim was to determine the energy consumption and system performance to demonstrate the 

feasibility of such energy systems and improve the acceptability for further applications among 

potential users. The dairy features a novel and innovative energy system consisting of heat 

pumps using exclusively natural refrigerants to supply all cooling and heating demands.  

A combination of three ammonia chillers (2400 kWth, -1.5 °C/40 °C) for the cooling demands, 

two ammonia heat pumps (1577 kWth, 20 °C/67 °C) for heat recovery and supply of building 

heat, and one ACHP (Hybrid heat pump) (940 kWth, 60 °C/95 °C) to provide the highest supply 

temperature are implemented. Thermal energy storage tanks are provided for each temperature 

level to supply the respective energy consumers, as shown in Figure 5.2. 

 

Figure 5.2. Integrated energy supply system of the investigated dairy. 

The thermal energy storage tanks link the heat pump systems and help to balance fluctuations 

in demand and enhance operational stability. The additionally installed auxiliary systems, 

namely the dry cooler, district heating and electric heater, can be used if required. The energy 

consumption and system performance analysis are based on available process data for a 

comparable energy-intensive winter week in February, with an increased demand for building 

heating. 
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The results demonstrated that the integrated energy system is capable to efficiently meet the 

demands with minimal need for the auxiliary systems. Demand peaks were compensated, and 

an overall system COP of 4.1 was achieved, with Carnot efficiencies ranging from 53% to 65% 

for the installed heat pump systems. The process achieved a waste heat recovery rate of over 

95%, which accounts for 32.7% of the total energy used. As a result, energy consumption was 

reduced by 37.9% and GHG emissions by up to 91.7% compared to conventional dairy systems.  

Paper VII extends the analysis with an additional summer week in June to provide a wider 

perspective in the annual operation with varying conditions. Here, the demand for building heat 

is significantly reduced under otherwise similar process conditions. Excess heat is released via 

the dry coolers due to the reduced heat demand. The dry coolers are used to release the surplus 

heat in this case. The installed heat pump systems and the overall process achieve almost 

identical performance values. This demonstrates that the integrated energy system can be used 

efficiently for changing environmental conditions. 

The results and findings from this research work describe the potential usage of ACHP systems 

in industrial applications at high temperature operation.  
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5.3 Article III – Numerical investigation of an oil-free liquid-injected screw 

compressor with ammonia-water as refrigerant for high temperature 

heat pump applications 

This study investigates a numerical model of an oil-free twin screw compressor with ammonia-

water mixture as refrigerant and liquid injection. The compressor was identified as main 

constraint to increase the heat sink supply temperature of absorption-compression heat pump 

systems past 120 °C. The implementation of liquid injection can reduce the occurring superheat 

of the vapor during compression, while an existing liquid film can provide lubrication and 

sealing, enabling oil-free operation of the compressor and thus the entire ACHP system. A 

quasi-one-dimensional numerical model was developed using the Modelica language. The 

developed screw compressor model consists of moving control volumes containing the working 

fluid in liquid vapor equilibrium and performing the compression process without mechanical 

losses. It considers the effects of leakages, heat losses, and the variation in NH3 mass fractions.  

Within the scope of this study, the effects of varying NH3 mass fractions of the injected solution, 

injection amounts, injection positions and compressor speeds on different parameters of the 

compression process were investigated. To perform the simulations, boundary conditions for 

pressure, temperature and NH3 mass fraction were defined based on the specified design 

parameters, and constant input values were set for the parameter of the investigated compressor.  

The results of this study revealed a strong influence of occurring internal leakages, varying NH3 

mass fractions of the injected solution, and changing injection flows and positions on the 

evolution of temperature, pressure, and compression power. The injection with reduced NH3 

mass fraction was beneficial for the reduction of the investigated values for discharge 

temperature, discharge pressure and compression power. The lowest values were obtained for 

the injection with pure water. An increased discharge temperature is generally beneficial for 

high temperature heat pump applications. However, it is limited by the material properties of 

the compressor. Thus, it was concluded that the injection of the lean solution should be 

preferred for the application in the ACHP system.  

Increased injection flow rates led to a further reduction in the investigated compression 

parameters. With the injection of 0.01 kg/s (about 5% of the compressor’s suction mass flow 

rate) of lean solution, the temperature was sufficiently reduced, and the pressure evolution was 

adapted to the externally applied pressure ratio. Thereby, under-compression and backflow 

from the discharge end were minimized. This is important for the efficient and sustainable 
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operation of the compressor. Figure 5.3 shows an example of the temperature evolution in 

relation to the injection angle. 

 

Figure 5.3. Example of the temperature evolution for different injection angles (𝜃𝑖𝑛𝑗) with a constant 

NH3 mass fraction of 0.4, a leakage coefficient of 0.05 m-1 and an injection mass flow of 0.01 kg/s. 

When injecting through a single injection port, full wet compression was only observed when 

injecting at 360° (at the beginning of the compression phase) but was not achieved continuously 

throughout the entire compression phase with the given injection rate of 5%. Thus, the injection 

rate must be increased to about 10% of the compressor’s suction mass flow rate (0.02 kg/s) to 

ensure a continuous liquid film that provides sufficient lubrication and sealing. Thereby, the 

placement of one injection port at 360° is important for ensuring a continuous liquid film.  

The distributing of liquid injection via two injection ports, one at 360° and an additional port in 

the mid-compression phase (450° or 495°, respectively), was investigated. Here, the smaller 

portion of approx. 25% was at the beginning of the compression phase (360°), and the 

remaining portion (approx. 75%) was injected via the port in the mid-compression phase. With 

this measure, the continuous provision of full wet compression can be supported and occurring 

under-compression and backflow can be reduced. Changes in the compressor speed will affect 

the compressor's volumetric efficiency, and the injection rate and ratio must be adjusted. 

This article includes and extends the content and results from the published conference Paper 

IV and Paper VI. The results and findings obtained from this research were used to determine 

possible modifications to an existing screw compressor and serve as basis for the development 

and design of the compressor section with injection line for the experimental ACHP prototype.
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6 Conclusions 

This thesis has successfully completed the aim of the development of an ammonia-water 

absorption-compression heat pump at high temperature operation. To accomplish this aim, 

investigations were conducted on various research topics in accordance with the defined 

research objectives. The results were disseminated in the context of three published journal 

articles, several peer-reviewed conference papers, and other presentations. The cumulative 

result is the experimental ACHP prototype with a maximum heat capacity of up to 200 kW and 

a maximum operating pressure and temperature of up to 40 bar and 190 °C, respectively. 

Together with the pressurized water heat source and sink circuits, the developed test facility 

allows for variable investigations of different component solutions and varying application 

cases with heat sink outlet temperatures up to 140 °C. 

The current state-of-the-art was presented and the existing challenges were identified. 

The working principle and characteristics of different ACHP cycles were discussed. An 

overview of the current state-of-the-art was elaborated based on experimental investigations 

available in the literature. In this context, 23 references were evaluated with heat capacities 

ranging from 1.4 kW to 4500 kW, heat sink outlet temperatures between 45 °C to 115 °C and 

achieved COPs from 1.4 to 11.3. The existing solutions and challenges for the realization of 

ACHP systems with a focus on the application at high temperature operation were identified: 

the compressor design with respect to discharge temperature and lubrication; the design and 

operation of the absorber and desorber; the establishment of efficient liquid-vapor mixing and 

distribution, and the selection and cavitation protection of the solution pump. 

The possible use and further demand for ACHP in industrial applications were addressed. 

The integrated energy system of an existing dairy plant was investigated, which uses heat 

pumps to supply all energy consumers at multiple temperature levels. The ACHP system 

supplied a temperature of 95 °C and a temperature lift of 33.5 K. An average COP of 5.8 was 

achieved with a Carnot efficiency of more than 50%. The results demonstrated that ACHP 

systems are reliable and efficient in commercial high temperature applications up to 100 °C. 

Further theoretical studies on the potential use of the ACHP system for heat recovery in 

industrial food processes revealed that GHG emission reductions of up to 35% are achievable 

even in locations with comparatively low CO2 equivalent of the energy sources used, such as 

electricity in Norway.  
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Furthermore, there is a great demand for higher supply temperatures required in many processes 

with existing steam systems or general demand for higher process temperatures. The potential 

application area can be further expanded by increasing the achievable heat sink supply 

temperatures above 120 °C. The oil-free operation of the ACHP system can lead to improved 

efficiency and reduced costs by saving on the required oil infrastructure. This can further 

improve the competitiveness of ACHP systems for usage in industrial high temperature 

applications compared to conventional energy supply systems. 

A numerical system model was developed and used in EES to investigate the ACHP cycle. 

Based on the identified challenges and demands, the task description of the experimental ACHP 

prototype was specified, and a simulation model of the ACHP cycle with single-stage solution 

circuit was developed in EES. This model was used to investigate the system behaviour of the 

ACHP system and to determine the design parameters of the experimental ACHP prototype. 

The energy and exergy analysis revealed that the use of liquid injection during the vapor 

compression process is a valid approach for the design of the ACHP system. The determined 

design parameters were the basis for the design of applicable and feasible component solutions. 

Component solutions for the design of the experimental ACHP prototype were developed. 

The main component sections for the defined research focus areas were designed to meet the 

specifications, considering existing limitations for available components on the market and 

their potential for modifications. A numerical simulation model of an oil-free liquid-injected 

twin-screw compressor was developed and used to reduce the limiting compressor discharge 

temperature and achieve the desired oil-free system operation.  

The investigation revealed that it is preferable to inject the lean solution with a low NH3 mass 

fraction of about 0.4, and an injection ratio of 10% of the compressor’s suction mass flow rate 

is required. The distribution of the lean solution over multiple injection ports located at the 

beginning (360°) and in the middle of the compression phase (450° or 495°) can ensure a 

continuous liquid film for sealing, lubrication and decreasing of the discharge temperature. 

Thereby, a portion of the liquid must be injected at the beginning of the compression phase, and 

the total amount must be adjusted for varying operating conditions. The obtained findings were 

used to determine modifications to an existing compressor and to design the required injection 

line. Due to the existing limitations and simplified assumptions in the model, the simulation 

results are considered as a kind of best-case analysis, and the experimental testing and 

validation for the further improvement are planned and required.  
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The use of PHE was identified as an appropriate solution for the design of the desorber and 

absorber sections of the experimental ACHP prototype. The optimal operating mode and design 

improvements will be the subject of further investigations. For this purpose, the possibility and 

sufficient space were provided to change the flow direction to the absorber inlet from the bottom 

to the top, along with different liquid-vapor mixing arrangements for the experimental testing.  

The selected solution pump is a multi-stage, in-line circulation pump placed at a low point 

below the liquid-vapor separator and connected with minimal possible pressure losses in the 

pipe. To further ensure the safe operation of the solution pump in the intended test operations, 

the intake pipe is designed as a tube-in-tube heat exchanger. Thus, external cooling can be 

applied to sub-cool the lean solution at the inlet of the solution pump. 

Design and functions of the experimental ACHP prototype were presented and described. 

The experimental ACHP prototype was developed with the overall objective to further advance 

the ACHP technology for the use in a wide range of industrial high temperature applications. 

For this, the defined research focus areas were equipped with the presented solutions for the 

main component sections. The heat source and sink circuits were designed to experimentally 

investigate the ACHP system and specific component sections for varying operating conditions. 

A variety of measuring instruments were installed at all main components to determine all 

required operating and performance parameters for the analysis and evaluation of the 

experimental investigations. For the commissioning of the system, the charging process and 

safety considerations for handling NH3 were presented. The control system and test procedure 

were developed and described to ensure the safe operation of the experimental ACHP prototype 

during the performance of experimental investigations.  

The results of the conducted research work serve as a basis for a variety of possible further 

investigations, which involve the testing and evaluation of the implemented component 

solutions and the development of novel approaches.
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7 Suggestions for Future Work 

The ammonia-water absorption-compression heat pump prototype and related infrastructure 

were designed and established to offer flexibility in possible operating conditions. This enables 

the conduction of experiments with a broad range of boundary conditions to investigate and 

evaluate various operating conditions for different industrial application cases. The presented 

component sections for the defined research focus areas were designed to address the identified 

challenges for achieving higher heat sink supply temperatures and system efficiencies. 

Additional system and component modifications for follow-up studies can be applied at any 

time. 

The experimental ACHP prototype serves as a starting point for further investigations. It will 

be involved in different research projects in cooperation with both academic and industrial 

partners in the coming years. Comprehensive experimental investigations for evaluating and 

improving the implemented component solutions offer great potential for further studies. 

Suggestions for future work are presented and discussed in the following: 

• Many industrial processes feature characteristic demand fluctuations over different periods, 

ranging from a minute base to seasonal changes. The resulting load variations influence the 

performance of the installed heat pump system. The testing and improvement of control 

strategies for part-load operation and the development of dynamic models of the ACHP 

system can help to further improve the design, operation, and part-load performance. 

• The ACHP prototype represents the right tool for the development and experimental testing 

of novel concepts with respect to the defined research focus areas and the system control. 

Furthermore, the ACHP prototype can be used to validate and improve numerical 

simulation models and results. This will increase the precision of such models and can 

strengthen the confidence of end users in values determined for application cases. 

• The development and investigation of concepts for steam generation using the ACHP 

system can enable and enhance the replacement of today’s widely used conventional energy 

systems relying on fossil fuel. This will be investigated and demonstrated as part of the EU 

project ENOUGH2.

 

2 https://enough-emissions.eu/demonstrator/150c-steam-production-heat-pump/ (accessed: 20.11.2022) 
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A. Additional Information 

A.1. Simulation model – EES code 
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A.2. Simulation results 

Figure A.1 and Figure A.2 show further simulation results of the achieved heat sink outlet 

temperature and COP for varying circulation ratios at different desorber pressure levels and 

constant source inlet temperatures of 60 °C and 70 °C, respectively. 

  

Figure A.1. Effects of circulation ratio and desorber pressure on (a) heat sink outlet temperature and 

(b) COP at constant source inlet temperature of 60 °C. 

  

Figure A.2. Effects of circulation ratio and desorber pressure on (a) heat sink outlet temperature and 

(b) COP at constant source inlet temperature of 70 °C.  

90

100

110

120

130

140

0.4 0.5 0.6 0.7 0.8 0.9

S
in

k
 o

u
tl

et
 t

em
p

er
a

tu
re

 [
 C

]

Circulation ratio [-]

 4.0 bar  5.0 bar  6.0 bar  7.0 bar  8.0 bar

(a)

2.2

2.4

2.6

2.8

3.0

3.2

3.4

0.4 0.5 0.6 0.7 0.8 0.9

C
O

P
 [

-]

Circulation ratio [-]

 4.0 bar  5.0 bar  6.0 bar  7.0 bar  8.0 bar

(b)

100

110

120

130

140

150

0.4 0.5 0.6 0.7 0.8 0.9

S
in

k
 o

u
tl

et
 t

em
p

er
a

tu
re

 [
 C

]

Circulation ratio [-]

 4.5 bar  5.0 bar  6.0 bar  7.0 bar  8.0 bar

(a)

2.2

2.4

2.6

2.8

3.0

3.2

3.4

0.4 0.5 0.6 0.7 0.8 0.9

C
O

P
 [

-]

Circulation ratio [-]

 4.5 bar  5.0 bar  6.0 bar  7.0 bar  8.0 bar

(b)



  Appendix 

 

81 

A.3. Detailed P&IDs 

 

Figure A.3. Detailed P&ID of the experimental ACHP prototype with instrumentation. 

 

Figure A.4. Detailed P&ID of the auxiliary system with heat source and sink circuits. 
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A.4. Measurement & control system 

 

Figure A.5. Detailed P&ID in LabVIEW with measurement and controlling points. 
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Abstract: Decarbonization of the industrial sector is one of the most important keys to reducing
global warming. Energy demands and associated emissions in the industrial sector are continuously
increasing. The utilization of high temperature heat pumps (HTHPs) operating with natural fluids
presents an environmentally friendly solution with great potential to increase energy efficiency and
reduce emissions in industrial processes. Ammonia-water absorption–compression heat pumps
(ACHPs) combine the technologies of an absorption and vapor compression heat pump using
a zeotropic mixture of ammonia and water as working fluid. The given characteristics, such as
the ability to achieve high sink temperatures with comparably large temperature lifts and high
coefficient of performance (COP) make the ACHP interesting for utilization in various industrial high
temperature applications. This work reviews the state of technology and identifies existing challenges
based on conducted experimental investigations. In this context, 23 references with capacities ranging
from 1.4 kW to 4500 kW are evaluated, achieving sink outlet temperatures from 45 ◦C to 115 ◦C and
COPs from 1.4 to 11.3. Existing challenges are identified for the compressor concerning discharge
temperature and lubrication, for the absorber and desorber design for operation and liquid–vapor
mixing and distribution and the choice of solution pump. Recent developments and promising
solutions are then highlighted and presented in a comprehensive overview. Finally, future trends
for further studies are discussed. The purpose of this study is to serve as a starting point for further
research by connecting theoretical approaches, possible solutions and experimental results as a
resource for further developments of ammonia-water ACHP systems at high temperature operation.

Keywords: industrial heat pump; high temperature heat pump; absorption–compression heat pump;
natural refrigerant; ammonia-water; solution circuit

1. Introduction

Decarbonization of the industrial sector is one of the most important keys to reducing
global warming. Energy demands and associated greenhouse gas (GHG) emissions in
various industrial processes are continuously increasing [1]. Simultaneously, large amounts
of potentially usable waste heat are available [2–4]. With climate change being one of the
most significant topics of modern society, it is now globally recognized that there is a need
to increase the energy efficiency of industrial processes and reduce direct GHG emissions,
e.g., from burning of fossil fuels, in order to achieve environmentally friendly, cheap and
sustainable energy systems [5–7]. Many industries requiring both cooling and heating

Appl. Sci. 2021, 11, 4635. https://doi.org/10.3390/app11104635 https://www.mdpi.com/journal/applsci
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currently have separate systems for these tasks. Having a combined system capable of
providing for both demands would be much more energy efficient. Due to this situation,
the integration of high temperature heat pumps (HTHPs) with natural refrigerants is a
promising approach for many industrial applications [8,9].

Following the trend towards more efficient and environmentally friendly ways of pro-
viding thermal energy from available waste heat as usable heat for industrial applications,
suitable HTHP solutions have been increasingly investigated in recent years [10,11]. Many
advances have been accomplished within the heat pump technology, in particular at lower
heat delivery temperatures but a few at high temperatures above 90 ◦C [12,13]. However,
ongoing research is seeking to further increase the delivery temperatures, as great demand
and utilization potential exists for high temperature applications up to 150 ◦C due to the
prevailing industry conditions [14]. Here, the use of natural refrigerants with low global
warming potential (GWP) and known impacts and burdens on the atmosphere, such as
ammonia and water, is of particular interest regarding environmental sustainability [15–17].
Therefore, the ammonia-water absorption–compression heat pump (ACHP) is considered
a promising approach for heat pump applications in high temperature operations and is
presented in more detail below.

The ACHP is often named a vapor compression cycle with solution circuit, compres-
sion/absorption cycle or hybrid absorption–compression heat pump. It combines the
technologies of an absorption and vapor compression heat pump using a zeotropic mixture
of ammonia and water as working fluid. As a result, heat is extracted and released at
non-constant temperature glides. The required compression ratio can be reduced, when
compared with conventional vapor compression heat pumps (VCHPs) utilizing single
fluid refrigerants, by adjusting the concentration to the given boundary conditions. These
characteristics, combined with the ability to achieve high sink temperatures above 100 ◦C
at large temperature lifts and high coefficients of performance (COP), make the ACHP
system a valuable solution for high temperature heat supply in the industry [18].

In 1895, the first patent concerning ACHP cycles was published by Osenbrück [19].
Detailed theoretical studies were first conducted by Altenkirch in 1950 and indicated a
significant potential for energy savings [20]. Due to the energy saving potential and the
increasing urgency to substitute the ozone-depleting chlorofluorocarbons (CFCs) combined
with the energy crisis in the 1970s, research activities have increased rapidly since the 1980s,
and several experimental plants have been built in this context. In 1997, Groll [21] summa-
rized the research activities by reviewing more than 40 papers in a detailed overview. It
was concluded that, despite the investigation of various cycle configurations and the com-
missioning and operation of several large-scale pilot plants, considerable work remained
to be done before the ACHP could be used commercially.

In the following years, research activities continued and were stimulated by the in-
creasing energy demand in the industrial sector with growing awareness of GHG emissions
and the increased motivation for HTHP solutions using natural refrigerants. During the
installation of further test and pilot plants, the ACHP with a single-stage solution circuit
was successfully brought to commercial implementation using standard refrigeration com-
ponents [22,23]. Until today, several units have been installed for commercial use in various
industrial applications, achieving heat sink temperatures of up to 120 ◦C and temperature
lifts of up to 75 K [24,25].

The first commercial installations of the ACHP encouraged the growing interest in
the system. They have led to extensive theoretical investigations in recent years to identify
optimal operating conditions and potential applications [26–29]. Furthermore, particular
focus was placed on possible improvements to further expand the achievable process
parameters, such as the sink outlet temperature and system efficiency, to compete with
conventional solutions for use in high temperature applications [30–32].
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The present work aims to support the current trends in the scientific field, focusing
on developing and improving capable HTHP solutions for the use in industrial high
temperature applications. For this reason, this study identifies the existing challenges
and future trends for the utilization of the ACHP at high temperature operation against
the background of recent research activities and findings. First, the ACHP cycle and
various modifications are presented. This is followed by a comprehensive review of
experimental work related to the described cycle modifications and the identification of
existing challenges. Then, current developments and possible solutions are described and
presented in a detailed overview. Finally, the future trends of research and innovation
activities are defined based on the performed investigations.

2. The Ammonia-Water Absorption–Compression Heat Pump

The most basic type of the ACHP cycle using ammonia-water as a working fluid
is the Osenbrück cycle, named after its inventor [19]. ACHP cycle with a single-stage
solution circuit consists of seven main components: Three heat exchangers, a liquid–vapor
separator, an expansion valve, a solution pump and a compressor. Figure 1 shows a
simplified representation of this cycle.

 

Figure 1. Schematic representation of a basic hybrid absorption–compression heat pump cycle.

In the ACHP cycle, the evaporator and condenser are replaced by desorber and absorber.
Throughout the entire heat transfer process with the heat source in the desorber, the ammonia-
water mixture is in the two-phase region and the ammonia concentration in the liquid phase
decreases. Due to incomplete evaporation, a two-phase mixture leaves the desorber (1). A
liquid–vapor separator is applied to separate the phases and ensure that only vapor enters
the compressor (2) to be compressed to the high-pressure side of the cycle (3). The liquid
phase, characterized as lean solution, is sent to the solution pump (4) where the pressure
level increases (5). Then, the lean solution passes through an internal heat exchanger (IHX) to
increase liquid temperature and improve overall cycle performance (5,6). After the IHX and
compressor, the liquid and vapor streams are mixed, resulting in a liquid–vapor mixture (7).
In the absorber, vapor is absorbed into the liquid phase rejecting heat to the heat sink. The
ammonia concentration in the liquid phase gradually increases so that the saturated liquid
leaving the absorber at the outlet is called rich solution (7,8). Heat is transferred from the rich



Appl. Sci. 2021, 11, 4635 4 of 25

to the lean solution stream in the IHX (8,9) before the solution is throttled to the low-pressure
level (9,10) returning to the desorber and completing the cycle.

Ammonia-water mixture as working fluid with a large boiling point difference and
the implementation of the solution circuit provides two additional degrees of freedom com-
pared to conventional VCHP cycles [21]. The ability to vary the working fluid composition
and the circulation ratio between solution pump and compressor streams ensures high
flexibility and adaptability of the operating parameters by changing boundary conditions.
In general, the following advantages for the ACHP system can be pointed:

• Capacity control by changing the overall composition of the working fluid mixture,
resulting in a change in the low-pressure gas density. Hereby, at constant speed and
volume flow of the compressor, the mass flow of the vapor and thus the capacity of
the heat pump is changed.

• Exploitation of the occurring temperature glides in desorber and absorber can be
matched to heat source and sink and thus reduce the irreversibility of the system
and enable large temperature spans with comparatively high COPs. The process
follows the Lorenz rather than the Carnot process and becomes more effective as the
temperature spread increases.

• Compared to pure ammonia, higher heat sink temperatures can be achieved with
lower discharge vapor pressure and reduced pressure ratios when water is used
as solvent.

Cycle Configurations of the Absorption–Compression Heat Pump

Based on the ACHP cycle introduced in Figure 1, several authors such as Amrane et al.
(1991) [33], Hultén and Berntsson (2002) [34] and Jensen (2015) [18] examined various
process modifications. These included extra components, such as additional heat exchang-
ers for the internal heat exchange or cooling circuits. As a result, the system could be
further adapted and improved, but the complexity has also increased. In addition to these
modifications of the ACHP cycle with single-stage solution circuit, other advanced cycle
configurations have been developed. Figure 2 shows three cycle configurations of the
ACHP, which have been assigned individual designations due to the modifications made
and specific characteristics.

 

 

 

  

(a) (b) (c) 

Figure 2. Schematic representations of (a) a wet compression cycle, (b) ACHP with two-stage solution circuit and (c) ACHP
with single circuit and desorber/absorber heat exchange (DAHX).
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The wet compression cycle, also known as wet compression-resorption cycle, is
shown in Figure 2a and was investigated by Bergmann and Hivessy (1990) [35], Itard
and Machielsen (1994) [36] and Itard (1995) [37]. Contrary to dry compression with a
separate solution circuit, the ammonia-water mixture leaving the desorber in a wet-vapor
state is conveyed to the compressor without additional phase separation. Thus, a two-
phase compression takes place, intended to reduce the compressor discharge temperature
and the required compression work by decreasing the superheating of the vapor phase
through continuous cooling by the present liquid. To achieve a good system performance,
an extensive internal heat exchange and a suitable compressor with high isentropic effi-
ciency are important. A disadvantage of the basic wet compression approach is the loss
of flexibility since the circulation ratio and mixture composition can no longer be varied
during operation.

In order to keep the flexibility of the ACHP cycle combined with the advantages of in-
creased internal heat exchange, the modification of the single-stage solution circuit towards
the two-stage solution circuit, as shown in Figure 2b, was investigated by Radermacher
(1988) [38], Rane and Radermacher (1991) [39] and (1993) [40]. Here, two solution circuits
are staggered, connected with an intermediate absorber–desorber pair for internal heat
exchange. Occurring concentration differences between the solution circuits are compen-
sated by a bleed line. The lean solution from the low temperature circuit is fed into the rich
solution of the high temperature circuit. This modification and the reduced temperature
differences for each stage enable the system to achieve high temperature lifts of up to 100 K
at comparatively modest pressure ratios, which can be achieved with a single compressor
stage. Compared to a single fluid VCHP, a reduction in the required pressure ratio of 40% to
65% and a resulting improvement in COP can be achieved for a given temperature lift [41].
However, because both stages are supplied with vapor by the compressor, the capacity will
be reduced by 45%. This leads to a necessary increase in mass flow, which however can
have a positive effect on the selection and performance of a suitable compressor.

The vapor compression cycle with solution circuit and desorber/absorber heat ex-
change (DAHX) cycle, as shown in Figure 2c, was investigated by Groll and Radermacher
(1994) [42]. In this approach, the gliding temperature intervals of desorber and absorber
are further increased, allowing them to overlap. A portion of the heat transferred internally
from absorber II to desorber II. As a result, the DAHX cycle only requires one solution
pump and compressor while having similar characteristics to a two-stage solution circuit.
Due to the internal heat exchange, the required pressure ratio for a temperature lift of 75 K
can be reduced by up to 75% compared to a single fluid VCHP, with a possible COP increase
of more than 40%. However, using only one solution circuit results in a loss of flexibility
regarding the temperature glides, whereby the temperature intervals are dependent on the
pressure ratio and can no longer be selected independently.

Figure 3 shows a simplified comparison of the described ACHP cycles for the operation
in a defined temperature interval in a ln p–1/T diagram for ammonia-water mixture.

Here, all cycles start for identical composition and given source temperature at the
same desorber pressure. The single-stage ACHP cycles require the largest pressure ratio
to reach the desired sink temperature. The ACHP with two-stage solution circuit features
two separate heat transfer arrows due to the extra absorber–desorber pair and reaches
the absorber temperature at a lower pressure ratio. The DAHX cycle with the linked heat
exchange requires the lowest pressure ratio.
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Figure 3. Simplified comparison of the described ACHP cycles in a ln p–1/T diagram (adapted from Groll (1997) [18]).

Based on the presentation of the cycle modifications, it can be concluded that each
cycle provides specific advantages and associated application areas. The ACHP with
single-stage solution circuit is considered most suitable for conventional applications with
the advantage of adjustable temperature glides and capacity. Wet compression can help
to solve occurring problems such as high compressor discharge temperatures. The two-
stage solution circuit is considered a promising approach for applications with the highest
temperature lift and small temperature glide, while the DAHX cycle achieves considerable
temperature glides with lower temperature lift [43].

3. State of Technology

In the following, the state of technology for the ACHP system using ammonia-water
mixture as working fluid will be examined based on the experimental work carried out.
The experiments conducted until 1994 were comprehensively discussed by Groll (1997) [21]
with an update of experiments until 2001 by Nordtvedt (2005) [44]. Based on these results,
Table 1 presents an updated overview of conducted experimental investigations.
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Table 1. Overview of experimental investigations on ammonia-water absorption–compression heat pump cycles.

Author
(Location)

Year
Cap.
[kW]

Tsource
[◦C]

Tsink
[◦C]

∆Tm,lift
[K]

COP
[-]

Compressor
Design

Absorber Design Desorber Design Ref.

ACHP with single-stage solution circuit

Bercescu et al.
(Romania) 1983 15 24 59 n/a 4.9 oil, recip,

t-st n/a n/a [45]

Pop et al.
(Romania) 1983 4500 36 to 30 45 to 55 16.9 2.6 dry, recip,

s-st Shell/tube horizontal Shell/tube horizontal [46,47]

Mučić, Scheuermann
(Germany) 1984 160 60 to 45 25 to 78 −5.6 11.3 oil, recip,

s-st Shell/tube horizontal Shell/tube horizontal [48]

Stokar, Trepp
(Switzerland) 1987 15 40 to 15 40 to 70 28.1 4.3 dry, recip,

s-st Shell/tube vertical Shell/tube vertical [49]

Mučić
(Germany) 1989 1000 95 to 95

(const.)
115 to 115

(const.) 20.0 9.1 dry, screw,
s-st Shell/tube vertical Shell/tube vertical [50]

Rane et al.
(USA) 1989 7 15

(avg.)
45

(avg.) n/a 3.7 dry, recip,
t-st Shell/tube vertical Shell/tube vertical [51]

Baksaas, Grandum
(Norway) 1999 60 48 48 to 100 n/a 2.1 oil, recip,

t-st Corrugated PHE Corrugated PHE [22]

Mongey et al.
(North Ireland) 2001 13.5 42 to 27 42 to 57 15.2 3.7 oil, recip,

s-st Corrugated PHE Corrugated PHE [52]

FKW
(Germany) 2003 27 43 to 35 60 to 72 27.0 4.3 oil, twin screw, s-st Corrugated PHE Corrugated PHE [53]

Risberg et al.
(Norway) 2004 300 50 to 15 50 to 85 36.9 n/a oil, recip,

t-st Corrugated PHE Corrugated PHE [23]

Nordtvedt
(Norway) 2005 47 50 to 17 50 to 93 38.7 2.4 oil, recip,

t-st Corrugated PHE Corrugated PHE [44]

Nordtvedt et al.
(Norway) 2011 650 48 to 38 48 to 87 22.8 4.5 oil, recip,

t-st Corrugated PHE Corrugated PHE [24]

Kim et al.
(Republic of Korea) 2013 10 50 to 30 50 to 90 28.9 3.0 oil, recip,

t-st Corrugated PHE Corrugated PHE [54]

Jung et al.
(Republic of Korea) 2014 7.3 50 to 30 50 to 81 25.1 2.7 oil, recip,

s-st Corrugated PHE Corrugated PHE [55]

Markmann et al.
(Germany) 2019 40 59 to 49 50 to 60 1.0 2.5 oil, twin screw, s-st Corrugated PHE Corrugated PHE [56]

Ahrens et al.
(Norway) 2021 940 67 to 60 73 to 95 20.1 5.9 oil, recip,

t-st Corrugated PHE Corrugated PHE [25]
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Table 1. Cont.

Author
(Location)

Year
Cap.
[kW]

Tsource
[◦C]

Tsink
[◦C]

∆Tm,lift
[K]

COP
[-]

Compressor
Design

Absorber Design Desorber Design Ref.

Wet compression cycle

Malewski
(Germany) 1988 500 35 60 to 80 n/a 4.4 wet, screw,

s-st Shell/tube horizontal Shell/tube horizontal [57]

Bergmann, Hivessy
(Hungary) 1990 1000 25 to 5 15 to 85 27.9 4.4 wet, screw,

s-st Shell/tube horizontal Shell/tube horizontal [35]

Torstensson, Nowacki
(Sweden) 1991 1.4 16 to 3 35 to 60 38.6 3.0C

wet, scroll,
s-st Tube/tube coaxial Tube/tube coaxial [58]

Itard
(Netherlands) 1998 13 44 to 38 40 to 53 5.3 3.1 wet, liquid ring, s-st Plate-fin vertical Plate-fin vertical [59]

Zaytsev
(Netherlands) 2003 18.9 70 to 65 76 to 92 16.3 1.4 wet, twin screw, s-st Shell/tube vertical Shell/tube vertical [60]

ACHP with two-stage solution circuit

Rane, Radermacher
(USA) 1991 4.2 4 to −5 96 to 104 100.5 1.0C

dry, recip,
t-st Shell/tube vertical Shell/tube vertical [39]

ACHP with single circuit and desorber/absorber heat exchange (DAHX)

Groll, Radermacher
(USA) 1994 5 0 to −6 58 to 74 68.7 0.9C

dry, recip,
t-st Shell/tube vertical Shell/tube vertical [42]

Explanations: Cap.: Heating capacity; ∆Tm,lift: Total temperature lift determined as the difference of the logarithmic mean temperatures; COP: C: Cooling COP; Compressor design: oil: Oil-lubricated; dry:
Oil-free; wet: Lubrication done by solution; recip: Reciprocating compressor; s-st: Single-stage compression; t-st: Two-stage compression; Absorber/Desorber design: PHE: Plate heat exchanger; Ref.: Reference.
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As initially described, the first commercially used ACHP systems were commissioned
in recent years. Here, the ACHP cycle with single-stage solution circuit using a two-stage
compression with intercooling and desuperheater before the mixing at the absorber inlet
was implemented. The ACHP cycle with single-stage solution circuit is the most frequently
experimental investigated cycle, accounting for 16 publications identified from 1983 until
2021. The installed capacities range from laboratory plants starting from 7 kW up to
industrial pilot plants with capacities ranging from 160 kW up to 4500 kW. An identical
inlet temperature was often selected for source and sink temperatures of laboratory systems,
whereby a larger temperature glide was usually achieved on the sink side. The highest
achieved sink temperature was at constant 115 ◦C during a steam generation process,
with many other attempts frequently ranged below 100 ◦C due to the limitation of the
open auxiliary circuits used. Due to large temperature glides occurring in the heat sink
and source of ACHP cycles, the total temperature lift ∆Tm,lift is employed to evaluate the
experimentally achieved temperature lifts, as suggested by Lorenz (1895) [61]. The ∆Tm,lift
was determined as the difference of the logarithmic mean temperatures of the secondary
fluids for heat sink and source using Equations (1) and (2):

∆Tm,lift = ∆Tm,log,Sink − ∆Tm,log,Source (1)

∆Tm,log =

Tsecondary fluid,in − Tsecondary fluid,out

ln
Tsecondary fluid,in
Tsecondary fluid,out

(2)

For the total temperature lift of the ACHP cycle with single-stage solution circuit,
values ranging from −5.6 K to 38.7 K were achieved. As mentioned earlier, through the
temperature glides occurring in the heat source and sink in combination with a large
total temperature lift, a simultaneous use for cooling and heating demands is possible,
as shown by Nordtvedt (2005) [44]. COPs of 2.1 to 11.3 were achieved, whereby a direct
comparison is difficult due to the different temperature levels and stages of optimization
(insulation, compressor size, pinch in heat exchanger). Regarding the compressor design,
oil-lubricated reciprocating compressors with single or two-stage compression were used
in most investigations. Two times twin screw compressors with oil lubrication and oil
cooling were used. Only four cases of oil-free operation involving three reciprocating
compressors (two single-stage and one two-stage compression) and one screw compressor
were tested. The oil-lubricated two-stage reciprocating compressors often achieved the
highest temperature lifts, proportional to the required pressure ratio. Here, intercooling
with an additional heat exchanger between the compression stages was frequently used
to reduce the occurring discharge temperature. In the absorber and desorber design, an
evolution from shell-and-tube to corrugated plate heat exchangers (PHE) can be seen,
and the alignment changed from horizontal to vertical. In this context, several innovative
approaches have been employed. Mučić and Scheuermann (1984) [48] investigated a
subdivision of the heat exchanger surface with linking solution pumps. The connection
of several PHEs to extend the effective heat transfer length in combination with different
operation modes, described as falling film and bubble mode, as well as mixing techniques
were evaluated during the investigations by several authors [20,21,41,50].

The wet compression cycle has been investigated in five experimental studies. The
first of these are industrial pilot plants with capacities of 500 kW and 1000 kW, which
follow in time with the first installation of the single-stage ACHP pilot plants. Then a
wet compression laboratory facility was investigated with one of the smallest capacities
of all ACHP cycles at 1.4 kW. The tested temperature levels vary in all investigations
with the shared feature of a larger temperature gradient over the heat sink. Single-stage
compressors lubricated with the solution were used for all investigations, although a wide
variety of different compressor types was tested. Except for the liquid ring compressor
employed by Itard (1998) [59], all types were considered suitable for use in wet compression
cycles. However, for efficient and reliable use, the authors highlight the importance of
modifications, such as selecting suitable bearings and the design of the liquid injection
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system [35,57,58,60]. For the design of absorber and desorber, an evolution from horizontal
to vertical arrangement was again observed. Additionally, Torstensson and Nowacki
(1991) [58] tested a coaxial arrangement of a tube-to-tube heat exchanger. Itard (1998) [59]
employed plate-fin heat exchangers with the aim to increase the heat transfer area as a
precursor to the commonly used corrugated PHE.

The ACHP with a two-stage solution circuit and the ACHP with a single-stage circuit
with DAHX have been studied only once by a group of researchers led by Raderma-
cher [39,42]. The researchers modified an existing single-stage laboratory facility designed
by Rane et al. (1989) [51] to investigate the different cycle configurations as previously de-
scribed. The ACHP with two-stage solution circuit investigated by Rane and Radermacher
(1991) [39] had a capacity of 4.2 kW and achieved a total temperature lift of 100.5 K with
almost identical temperature glides ranging from 4 ◦C to −5 ◦C for the source and from
96 ◦C to 104 ◦C for the sink. This enables simultaneous use for cooling and heating and
results in a determined cooling COP of 1. Groll and Radermacher (1994) [42] achieved
during the investigation of the ACHP with single-stage circuit with DAHX a capacity of
5 kW with a total temperature lift of 68.7 K with temperature glides ranging from 0 ◦C to
−6 ◦C for the source and from 58 ◦C to 74 ◦C for the sink. Despite the lower temperature
lift and required pressure ratio, the achieved cooling COP at 0.9 is smaller than the cool-
ing COP obtained for the ACHP with two-stage solution circuit. For both investigations,
oil-free two-stage reciprocating compressors with water cooling were used and vertically
arranged shell-and-tube heat exchangers were installed as absorber and desorber. Groll
and Radermacher (1994) [42] identified a potential COP increase of over 40% by optimizing
the compressor for use in the ACHP with single-stage circuit with DAHX.

Identified Existing Challenges

Based on the experimental work presented and discussed in Table 1, the following
challenges for the realization of ACHP systems can be identified:

• Compressor discharge temperature: Occurring discharge temperatures constrain the
achievement of higher sink temperatures, as they can cause problems, such as the
decomposition of used lubricating oils and material problems in the compressor.

• Compressor lubrication: When oil is used to lubricate the compressor, additional
components are needed for separation and cooling, raising the complexity and costs.
In addition, the oil tends to penetrate the whole circuit, which requires a recirculation
system and can have a negative impact on the heat pump performance.

• Oil-free operation of the system: Compressors that can be operated oil-free or for
which lubrication is done by the solution are often associated with higher equipment
costs due to necessary modifications or are unavailable for commercial use.

• Absorber and desorber design: An efficient design of the absorber and desorber is an
important factor in improving the performance of the system. Therefore, an advanced
understanding of the occurring heat transfer phenomena is essential, especially for
the absorber at high temperature and high-pressure operation.

• Liquid–vapor mixing and distribution process: When using PHE, an appropriate
selection of the operation mode together with effective liquid–vapor mixing and
distribution are important to achieve high overall heat transfer coefficients and sys-
tem performances.

• Solution pump: Cavitation caused by changing low pressure conditions related to
rapid changes in compressor operation and operating conditions is a major challenge
for the solution pump in ACHP cycles due to the saturated liquid leaving the liquid–
vapor separator.

4. Identification of Recent Developments and Possible Solutions

The current working domain of ammonia-water ACHP with single-stage solution
circuit using components up to 28 bar and dry compression are between 0 ◦C (freezing of
solvent) and 127 ◦C (calculation by Jensen et al. (2015) [10]). The upper limit originates in a
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constrained compressor discharge temperature of 170 ◦C. The same calculations indicate
that by using several high-pressure components, an extension of the upper limit to 193 ◦C is
possible. Additionally, sink temperatures of more than 127 ◦C can be achieved with 28-bar
components through measures such as oil cooling, liquid injection or wet compression. In
the following, recent developments and possible solutions for the implementation of ACHP
systems are identified based on the performed experimental work and accompanying
theoretical studies. The grouping is based on the identified challenges and the order on the
relevance to improve system performance and achievable parameters.

4.1. Compressor Solutions

To enable high temperature lifts and sink discharge temperatures, it is necessary
to provide a high discharge pressure and pressure ratio. During compression of the
ammonia vapor the discharge temperature is comparatively high due to the relatively low
density and specific heat capacity of ammonia in the superheated vapor phase [62]. High
discharge temperatures reduce the COP of the system and cause various problems, such as
chemical decomposition of the working fluid, carbonization of the lubricant and collapse
of seals [18]. Additionally, liquid portions can be included even for dry compression
depending on the temperature and pressure level due to the characteristics of the ammonia-
water mixture. Therefore, the compressor must be resistant to small amounts of liquid in
the vapor stream during the compression. This is, furthermore, a fundamental requirement
for wet compression. According to an extensive analysis by Zaytsev (2003) [60] and in
agreement with the findings presented in Table 1, positive displacement compressors, such
as reciprocating and screw compressors, have been identified as promising compressor
solutions due to the higher achievable pressure ratios and the lower swept volumes
when compared with dynamic compression systems. To reduce the superheat occurring
during compression and maintain the discharge temperature in an acceptable range for the
compressor, different potential compressor solutions are available for the implementation
besides simple single-stage compression, as shown in Figure 4.

  
(a) (b) 

Figure 4. Different potential compressor solutions (simplified) illustrated with T-s diagrams of nearly
pure ammonia including isentropic compression (solid red line) compared to: (a) Divided multi-stage
compression with intercooling through an additional IHX and (b) single-stage compression with
liquid injection (dashed grey lines).
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The simplified compression processes are illustrated in T-s diagrams for nearly pure
ammonia to demonstrate the proposed possibilities. The isentropic compression (from
point 1 to 2isen) demonstrates the ideal compression process from the low-pressure to the
high-pressure level. However, the achieved discharge temperature during real compression
is significantly higher due to the occurring losses and irreversibility. Here, the identified
maximum temperature for the compressor of 170 ◦C can be quickly exceeded. In the case
of liquid injection, the composition of the working fluid changes during the compression
process, adding another level to the representation.

As shown in Figure 4a, the first possible solution is to divide the compression into two
or more stages with an additional IHX for cooling the vapor after each stage (from point
1 to 5). Therefore, multi-stage compression with intercooling can increase the achievable
pressure ratio. The functionality of this solution with two-stage reciprocating compressors
and intercooler connected to the lean solution circuit has been experimentally proven by
various authors [22,44,45,54]. Moreover, there are other approaches for the implementation
of intercooling. Jensen (2015) [18] investigated the effect of the positioning of the intercooler
(upstream or downstream of the contained solution IHX between rich and lean solution) as
well as other alternatives, such as the use of a bubble through intercooler or mixing option
with liquid injection. He concluded that the solution with an additional IHX downstream
the contained solution IHX can most effectively reduce the discharge temperature and
costs for a multi-stage compression system.

Another promising solution, as shown in Figure 4b, is the use of a liquid-resistant single-
stage compressor with the implementation of liquid injection (oil or oil-free using the working
fluid) during the compression process (from point 1 to 6). The injection can take place at
various compression grades (point of injection) and allows to provide different functions such
as sealing, lubrication and lowering the vapor temperature during compression [63]. The
point of injection and amount of the injected liquid is a matter of optimization [64]. If all the
liquid is carried along with the vapor, it is defined as wet compression [34]. Bergmann and
Hivessy (1990) [35] stated that the liquid injection makes the compressor operation smoother
and more silent than dry compression. However, especially for operation as wet compression,
the isentropic efficiencies obtained are often comparatively low due to the complexity of
the compression process, causing various challenges in the design and optimization of the
compressor and the injection system [65,66].

4.2. Absorber and Desorber Solutions

Absorber and desorber are critical components of ACHP cycles to achieve higher
system efficiencies and obtain higher sink temperatures [54,55]. Many studies have been
conducted to understand the characteristics of the occurring processes and thermodynamic
properties [67,68]. For use in an ACHP system, various requirements are defined for
the heat exchanger properties used. In addition to the general requirements, such as the
reduction of size and pressure losses, the suitability for the desired operating parameters
must be considered [52]. To reduce installation costs, compact heat exchangers with a
high area density (m2/m3) of the heat transfer surface combined with a high overall heat
transfer coefficient (kW/(m2K)) are desired [69,70]. Furthermore, the establishment of
effective liquid–vapor mixing and the complete and continual wetting of the heat transfer
surfaces are important [71].

Based on the investigations carried out and the data presented in Table 1, the trend
from horizontal to vertical shell-and-tube heat exchangers towards vertical PHE for use
in ACHP systems can be recognized. The plates can be pressed with different shapes to
increase turbulence, fluid distribution and surface area [72]. Due to these features, the
design can be much more compact. In addition, PHE can provide high overall heat transfer
coefficients, good wettability and liquid–vapor mixing [55]. Various approaches have
been and are being investigated to improve the design and operation of absorber and
desorber [73]. It was concluded that longer plates combined with good distribution of
the mixture and operation in counter-flow with the coolant have positive effects on the
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performance. Jung et al. (2014) [55] stated that increasing the ratio of plate length to gap
(L/D) is more important than the ratio of width to gap (W/D) for more effective operation.

Several possibilities are available for the implementation. Due to the similarity of the
operating conditions and requirements, the desorber is often designed and operated like a
flooded evaporator. The absorber can be operated in falling film mode, where lean solution
slides from top to bottom as a thin film on the surface of the vertical plate and vapor
filling the free space is absorbed into the liquid film, releasing heat to the coolant. Another
approach is to operate the absorber in bubble mode, where the lean solution and vapor
are mixed at the bottom before entering the absorber and flow upwards in counter-flow
with the coolant [74]. Furthermore, it is possible to operate several PHEs inline using
different operating modes [24,54]. Figure 5 shows a schematic representation of a plate
heat exchanger operated in counter-flow as absorber in falling film and bubble mode.

Figure 5. Schematic representation of a plate heat exchanger operated as absorber in (a) falling film and (b) bubble mode
(adapted from Ahrens et al. (2019) [75]).

Bubble mode operation in the absorber of PHE in an ACHP cycle was investigated by
An et al. (2013) [74]. They concluded that higher pressure is a more significant factor for
increasing the heat exchanger performance than size based on experiments with different
sized PHE. The maximum overall heat transfer coefficients achieved for different PHE
sizes were between 0.96 and 1.61 kW/m2K. In contrast, Lee et al. (2002) [76] reported
values between 0.3 and 0.55 kW/(m2K) at lower temperatures in a PHE test facility. More
experimental data from Nordtvedt (2005) [77] for bubble and falling film absorber were
between 0.6 and 1.4 kW/(m2K) and for bubble desorber between 0.4 and 1.5 kW/(m2K).
Táboas et al. (2010) [78] stated for a bubble desorber, that pressure has only a slight
influence and mass flux a major influence. Measured overall heat transfer coefficients
varied between 2.5 and 4.1 kW/(m2K). Due to many parameters affecting the absorption
and desorption process, which are not all documented in these sources, a direct comparison
or deducing trends becomes impossible. However, it can be concluded that the overall heat
transfer coefficients can vary considerably depending on the given operating conditions
and other factors such as the liquid–vapor distribution. Determining and predicting the
required parameters more accurately for the design and controlling of ACHP cycles is an
important goal to further disseminate ACHP technology for use in industrial applications.

4.3. Solution Pump Solutions

Cavitation is a major challenge for the solution pump in ACHP cycles. The saturated
liquid coming from the liquid–vapor separator is very sensitive to changing low-pressure
conditions caused by the compressor. The evaluation of the sources given in Table 1 shows
that mainly centrifugal pumps for industrial pilot plants and diaphragm pumps for small
laboratory facilities are used as solution pumps. To reduce the risk of cavitation, different
approaches have been investigated. Besides the generally important reduction of pressure
losses upstream of the pump inlet, the external subcooling of the lean solution, as used
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by Rane et al. (1989) [51], is one possible solution. Additionally, experiments with an
upstream booster pump or a special design of the separator to provide enough static
height of the liquid level for the pressure increase upstream of the solution pump have
been investigated by various researchers [44,55,56]. Furthermore, Risberg et al. (2004) [23]
and Markmann et al. (2019) [56] introduced an option to control the liquid level in the
high-pressure receiver by regulating the expansion valve to keep the low pressure stable
and reduce the risk of cavitation due to rapid pressure changes.

4.4. Alternative Working Fluid Pairs

In general, all working fluid pairs suggested for absorption heat pumps may also
be used in ACHP cycles [79]. The unique feature of a working fluid pair is a greater
temperature glide during complete evaporation and condensation compared to the glide
of heat source and sink, causing the partial phase change that makes a solution circuit nec-
essary. For a comprehensive review and possible identification of interesting alternatives,
Table 2 lists an overview of literature sources investigating alternative working fluid pairs
besides ammonia-water for use in ACHPs. There are mainly theoretical studies with few
experimental investigations on a laboratory scale (below 30 kW heating capacity).

Following the Montreal Protocol and Kyoto Protocol addressing the ozone depletion
potential (ODP), the main issues in recent years have been the EU Regulation No. 517/2014
(2014) [80], also known as F-Gas Regulation, and the European Directive 2006/40/EC
(2006) [81], establishing very strict limits on the GWP values of applicable refrigerants.
Due to this legislation, many sources dealing with substances having an ODP > 0 or a
GWP > 1000 are not listed and will not be discussed further. The Globally Harmonized
System of Classification and Labelling of Chemicals (GHS) classification was carried out
using the “GESTIS-Stoffdatenbank” [82]. Maximum workplace concentration (MAK)
values are taken from the “DFG MAK- und BAT-Werte-Liste 2020” [83]. The applicable
temperature range is defined so that saturation pressure is between 1 and 25 bar. If 200 ◦C
is still possible at the sink with a vapor pressure below 25 bar, 200 ◦C is assumed to be the
upper limit.
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Table 2. Overview of alternative working fluid pairs proposed in the literature for use in ACHP cycles.

Author
(Location)

Year Exp. Refrigerant GHS Absorbent GHS Tmin/Tmax Ref.

Inorganic Refrigerant

Åhlby, Hodgett
(Sweden)

1990 NH3
(1)

 

−

−

−

−

á −

−

H2O (2)/LiBr (3)
-/  

−

−

−

−

á −

−

0/200 [84]

Chatzidakis, Rogdakis
(Germany) 1992 NH3

(1)
 

−

−

−

−

á −

−

H2O (2)/LiBr (3)
-/  

−

−

−

−

á −

−

0/200 [85]

Tarique, Siddiqui
(India) 1999 NH3

(1)
 

−

−

−

−

á −

−

NaSCN (4)
 

−

−

−

−

á −

−

−35/160 [86]

Hannl
(Austria) 2015 X NH3

(1)

−

 
−

−

−

á −

−

LiNO3
(5)

−

 
−

−

−

á −

−

−40/200 [87]

Herold et al.
(USA) 1991 H2O (2) - LiBr (3)

−

−

 

−

−

á −

−

0/200 [88]

Ansari et al.
(India) 2018 H2O (2) - LiBr (3)

−

−

 

−

−

á −

−

0/200 [89]

Gudjonsdottir et al.
(Netherlands) 2017 NH3

(1)/CO2
(6)

−

−

/  

−

−

á −

−

H2O (2) - 0/200 [90]

Groll, Kruse
(Germany) 1992 X CO2

(6)

−

−

 
−

−

á −

−

Acetone (7)

−

−

 
−

−

á −

−

−40/80 [91]

Moreira-da-Silva et al.
(Spain) 2019 CO2

(6)

−

−

−

 
−

á −

−

Acetone (7)

−

−

−

 
−

á −

−

−40/80 [92]

Aldás
(Spain) 2020 CO2

(6)

−

−

−

−

á
 

−

−

Acetone (7)

−

−

−

−

á
 

−

−

−40/80 [93]
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Table 2. Cont.

Organic Refrigerant

Endo et al.
(Japan) 2007 DME (8)

−

−

−

−

á −

 
−MeOH (9)

−

−

−

−

á −

 
−

−30/200 [94]

Kawada et al.
(Japan) 1991 X TFE (10)

−

−

−

−

á −

−

 TEGDME (11)

−

−

−

−

á −

−

 
75/200 [95]

Nogues et al.
(Spain) 1997 TFE (10), MeOH (9)

−

−

−

−

á −

−

,  TEGDME (11)

−

−

−

−

á −

−

 
65/200 [96]

Bourouis et al.
(Spain) 2000 TFE (6)/H2O (2)

/ - TEGDME (11)
 

75/200 [97]

Mestra et al.
(Spain)

2003
X

TFE (10), MeOH (9), , 
, , 

PEGDME 500 (12) n/s 65/200
[98]

2005 HFIP (13)  
 

[99]

Explanations: Exp.: Experimental work available; GHS: Globally Harmonized System of Classification and Labelling of Chemicals; Tmin/Tmax: Applicable temperature range; n/s: not specified; CAS: Chemical
Abstracts Service; MAK: Maximum workplace concentration; (1) Ammonia (NH3)|7664-41-7—CAS Registry Number|14 (mg/m3)—MAK value; (2) Water (H2O)|n/s—CAS Registry Number|n/s (mg/m3)—
MAK value; (3) Lithium bromid (LiBr)|7550-35-8—CAS Registry Number|n/s (mg/m3)—MAK value; (4) Sodium thiocyanate (NaSCN)|540-72-7—CAS Registry Number|n/s (mg/m3)—MAK value; (5)

Lithium nitrate (LiNO3)|7790-69-4—CAS Registry Number|n/s (mg/m3)—MAK value; (6) Carbon dioxide (CO2)|124-38-9—CAS Registry Number|9100 (mg/m3)—MAK value; (7) Acetone|67-64-1—CAS
Registry Number|1200 (mg/m3)—MAK value; (8) Dimethyl ether (DME)|115-10-6—CAS Registry Number|1900 (mg/m3)—MAK value; (9) Methanol (MeOH)|67-56-1—CAS Registry Number|130 (mg/m3)—
MAK value; (10) 2,2,2-Trifluoroethanol (TFE)|75-89-8—CAS Registry Number|n/s (mg/m3)—MAK value; (11) Tetraethylene glycol dimethyl ether (TEGDME)|143-24-8—CAS Registry Number|n/s
(mg/m3)—MAK value; (12) Polyethylene glycol dimethyl ether (PEGDME 500)|24991-55-7—CAS Registry Number|n/s (mg/m3)—MAK value; (13) Hexafluoroisopropanol (HFIP)|920-66-1—CAS Registry
Number|n/s (mg/m3)—MAK value.
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There were 13 alternative working fluid pairs investigated in the literature, divided
into inorganic and organic refrigerants with TFE and HFIP as the only non-natural refrig-
erants. Except for CO2/Acetone and NH3/NaSCN, the applicable temperature range is
always 200 ◦C or higher. However, the minimum temperature depends strongly on the
refrigerant selected and is generally lower for inorganic refrigerants. A further comparison
of the cycle performance among the working fluid pairs is not appropriate due to the large
differences in vapor pressure.

Åhlby and Hodgett (1990) [84] as well as Chatzidakis and Rogdakis (1992) [85], added
LiBr as absorbent to the ammonia-water mixture and studied the suitability of the three-
component mixture for the ACHP cycle. They stated inconsistent results regarding the
improvement potential and recommended further investigations. Tarique and Siddiqui
(1999) [86] and Hannl (2015) [87] investigated NH3 paired with salts to increase the amount
of refrigerant in the gas phase, eliminating the separation that may be required at increased
source temperatures to reduce the water content in the vapor phase. Conducted experi-
ments demonstrated the general functionality of this approach, although further research
is required to establish prototypes and applications. The investigations on H2O/LiBr in a
temperature range between 2 ◦C and 35 ◦C, done by Ansari et al. (2018) [89], and in double-
effect cycles, done by Herold et al. (1991) [88], are both far from practical application.
Gudjonsdottir et al. (2017) [90] paired NH3 with CO2 and H2O in a wet compression cycle.
The simulations of these cycles predict advantages in efficiency by increasing the amount
of CO2. However, there are many uncertainties like the formation of solid phases, ternary
property data and the compressor model used so that the authors suggest experimental
validation as a necessary next step. CO2/Acetone is an interesting working fluid pair for
safety aspects, but with standard components only feasible below 80 ◦C. Experiments by
Groll and Kruse (1992) [91] and Groll (1994) [100] revealed poor heat transfer properties
with the coaxial heat exchangers used and little further experience with this working fluid
pair in the literature. In recent years, the thermodynamic properties have been increasingly
studied experimentally, and Moreira-da-Silva et al. (2019) [92] simulated the usability
for ACHP cycles in automotive air conditioning based on the available composition data.
Aldás (2020) [93] conducted thermodynamic modelling and simulation of the cycle and
theoretical-experimental investigations of the desorption process in a PHE.

DME/MeOH was theoretically investigated by Endo et al. (2007) [94] in the temper-
ature range between 7 ◦C and 60 ◦C for the single stage cycle and the DAHX cycle. The
differences in efficiency between pure DME and the mixture in both cycles were small. They
suggest to further proof their findings in experiments. TEGDME or PEGDME as solvent
use flammable and toxic TFE or MeOH as the refrigerant. These mixtures are suitable for
temperatures above 65 ◦C and PEGDME for cases where the compressor may be lubricated
by the lean solution [98]. Kawada et al. (1991) [95] stated that TFE/TEGDME shows
good thermal stability and no corrosion on copper or carbon steel up to 180 ◦C. Nogues
et al. (1997) [96] investigated the performance for TFE/TEGDME and MeOH/TEGDME
for use in the single-stage and DAHX cycles. They reported interesting features for use
in high temperature applications with better results for TFE/TEGDME and suggested
further investigations. Bourouis et al. (2000) [97] conducted further investigations for a
three-component mixture with additional water and reported further benefits such as an
improvement in performance. Mestra et al. (2003) [98] investigated the working pairs
TFE/PEGDME and MeOH/PEGDME to develop a 15 kW pilot plant. Here, MeOH was
selected as the refrigerant for further investigations due to the lower pressure ratio re-
quired. In addition, Mestra (2005) [99] investigated the working pair HFIP/PEGDME,
which was not tested experimentally. Besides theoretical studies, so far, there is only little
experimental experience with the use of alternative working fluid pairs in ACHP cycles.
Therefore, further investigations are essential for a successful implementation.
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4.5. Summary of Existing Solutions

Figure 6 summarizes recent developments and existing solutions for the realization
of ACHP systems. The classification is based on the previously presented and discussed
solutions. The fields highlighted in green indicate the currently most frequently used
solutions for commercial applications of each system part. All other solutions have at least
been tested on a laboratory scale and often need further investigation for commercial use.

 

Figure 6. Overview of recent developments and existing solutions for the realization of ACHP systems (fields highlighted
in green indicate the currently most frequently used solutions for commercial applications of each system part).

Four different cycle configurations were discussed for the design of the ACHP system,
whereby the ACHP with single-stage solution circuit was most frequently investigated
and is used commercially today. The compressor, as a major component and constraint for
achieving higher sink discharge temperatures, features a wide range of solutions. Against
the background of reducing occurring compressor outlet temperatures and costs, several
types with different compression stages and lubrication solutions were used and studied.
For commercial applications, oil-lubricated reciprocating compressors with two-stage
compression and intercooling are currently employed. For the absorber and desorber,
vertically aligned PHEs are used in different operating modes with the associated mixing
devices. The specific design and operation remain a subject of ongoing research to further
increase the efficiency while reducing the required size and costs. In addition to the general
low placement of the solution pump and the design of the pipes with as little pressure loss
as possible, a high static height of the liquid level upstream the pump inlet is achieved
by the strategic design of the liquid–vapor separator. There have been many primarily
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theoretical studies on alternative working fluid pairs, yet experimental experience for
use in ACHP systems is limited to ammonia-water. The use and combination of other
presented solutions are explicitly not excluded to overcome existing challenges. Depending
on the circumstances, a follow-up and combination of other solutions can be a promising
approach to improve the achievable operating parameter and efficiency to increase the
suitable application range and competitiveness compared to VCHPs and conventional
solutions for industrial high temperature applications.

5. Future Trends

In recent years, there has been a growing demand in the utilization of ACHPs with
ammonia-water as working fluid for high temperature industrial applications [18,25]. The
research focuses on achieving higher sink temperatures and system efficiencies to increase
the suitable application range and competitiveness compared to VCHPs and conventional
solutions. Here, the aim is to describe possible future trends to overcome the identified
challenges by using conducted research and recent developments and solutions as a source
of ideas for potential approaches for further research. Various approaches are used for
achieving this aim:

• For the general system design, the ACHP with single-stage solution circuit has been
used commercially. Nevertheless, there is still potential for further improvements,
such as the optimized system control in case of varying operating conditions [18].

• To increase the application range and competitiveness of the ACHP, cost-effective and
simple compressor solutions will be utilized. Besides using multistage oil-lubricated
reciprocating compressors, the single-stage screw compressors with liquid injection
and lubrication with the solution will be implemented as an alternative. In contrast
to dry compression, the advantages of wet compression with reduced superheating
and low discharge temperature can be beneficial [63]. In addition, the removal of
the lubricating oil can lead to a reduction in the complexity and cost of the system.
However, recent studies by Ahrens et al. (2019) [75,101] and Gudjonsdottir et al.
(2019) [66] have indicated that suitable compressors are not yet commercially available
and require further research and development. Insights and findings can be gained
from related studies dealing with oil (Wu et al. (2017) [102]) or pure refrigerants as
ammonia (Tian et al. (2017) [65]) and water (Wu et al. (2020) [5]).

• For the design and operation of absorber and desorber, there is a clear trend to-
wards vertical PHE. This is often associated with factors such as compact design
and cost-effective production. However, important factors for the efficiency, such as
the liquid–vapor mixing and distribution, are often difficult to determine and thus
challenging to predict for varying operating parameters [73]. The application of addi-
tive manufacturing techniques to produce plates and the liquid–vapor distribution
may offer interesting possibilities. Solving the distribution challenge and being able
to determine and predict the required parameters more accurately for the design
and controlling of ACHP cycles, especially considering the desired high temperature
operation, is an important goal of further research.

• In addition to the static height, a possible sub-cooling of the lean solution upstream of
the inlet can result in a sustainable operation of the solution pump.

• For the use of alternative working fluid pairs in ACHP cycles, there is so far only
little experimental experience apart from theoretical studies besides ammonia-water,
as presented in Section 4.4. However, the use of alternative working fluid pairs is a
promising solution.

In summary, different research trends for the use of ACHP systems at high tem-
perature operation can be identified. To address the identified challenges and increase
the application range and competitiveness with respect to other systems, future research
should focus on the development of (oil-free) liquid-injected compressors and the efficient
design and operation of the absorber and desorber.
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6. Conclusions

This work presents the current state of technology and aims to identify existing
challenges and future trends for the utilization of ACHPs at high temperature operation.
Different modifications of the ACHP cycle were presented and discussed in detail. Further-
more, a comprehensive overview of conducted experimental work was given concerning
the described cycle modifications and existing challenges were identified. Recent devel-
opments and possible solutions were discussed based on current research activities and
summarized in a detailed mind map. Finally, possible future trends for further research
activities were defined. The following conclusions for the ACHP technology can be drawn:

• Interest in the ACHP system has grown in recent years and has been supported by the
successful implementation of first commercial units.

• Many studies, both theoretical and experimental, focused on improving the achievable
operating parameter and system efficiency to increase the competitiveness compared
to VCHPs and conventional solutions for industrial high temperature applications.

• Various configurations of the ACHP system with special characteristics have been
developed and studied. The ACHP with a single-stage solution circuit was most
widely investigated and is the only configuration in commercial use today. With
the aim of further optimization of the ACHP system, existing challenges for the
main components such as compressor, absorber/desorber and solution pump were
identified based on the conducted research.

• Compressors used so far have been positive displacement compressors such as re-
ciprocating, screw and scroll. For the achievable parameters of the ACHP system,
the compressor is a constraining component and associated with challenges, such as
discharge temperature, lubrication, efficient and oil-free operation of the system. A va-
riety of possible solutions to address these challenges, such as multi-stage compression
with intercooling or liquid injection, were investigated.

• Different types and configurations of heat exchangers have been used. For the design
and operation of absorber and desorber, a clear trend towards vertically arranged
PHEs has emerged. However, there are still challenges associated with the optimal
design to achieve good liquid–vapor distribution and achieving high overall heat
transfer coefficients. The ability to determine and predict the parameters required for
the design and control of absorber and desorber more accurately is an important goal
in further disseminating ACHP technology for use in industrial applications.

• Various strategies to avoid cavitation in the solution pump have been successfully
implemented and tested, thus this problem discussed in earlier literature was solved.

• In addition to ammonia-water, a variety of alternative working fluid pairs for use
in ACHP systems have been investigated. Further research and development are
required to evaluate the reported potential improvements in a practical application.

• Based on the conducted investigations as well as recent developments and solutions,
the future trends for further research were defined for all identified challenges.

• For the increased use of ACHP systems in high temperature applications, future
research should focus on the development of (oil-free) liquid-injected compressors
and the efficient design and operation of the absorber and desorber.
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The following abbreviations are used in this manuscript:

ACHP Absorption–compression heat pump
CAS Chemical Abstracts Service
CFC Chlorofluorocarbons
COP Coefficient of performance
DAHX vapor compression cycle with solution circuit and desorber/absorber heat exchange
GHG Greenhouse gas
GHS Globally Harmonized System of Classification and Labelling of Chemicals
GWP Global warming potential
HTHP High temperature heat pump
IHX Internal heat exchanger
MAK Maximum workplace concentration
ODP Ozone depletion potential
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Integrated high temperature heat pumps and thermal storage tanks for 
combined heating and cooling in the industry 
Marcel Ulrich Ahrens a,*, Sverre Stefanussen Foslie b, Ole Marius Moen b, Michael Bantle b, 
Trygve Magne Eikevik a 

a NTNU, Department of Energy and Process Engineering, Kolbjørn Hejes vei 1B, 7491 Trondheim, Norway 
b SINTEF Energy Research, Sem Sælands vei 11, 7034 Trondheim, Norway   

A R T I C L E  I N F O   

Keywords: 
Industrial application 
High temperature heat pump 
Thermal storage tanks 
Process integration 
Heat recovery 
Natural refrigerants 

A B S T R A C T   

This study investigates the integrated heat pump system of a green-field dairy located in Bergen, Norway. The 
purpose of the study is to determine the energy consumption and system performance. The dairy features a novel 
and innovative solution of a fully integrated energy system, employing high temperature heat pumps such as the 
hybrid absorption-compression heat pump (HACHP) with natural refrigerants to provide all temperature levels of 
heating and cooling demands. To evaluate the performance an energy analysis has been performed based on 
available process data for a comparatively energy-intensive week in February. The results have shown that the 
integrated system is able to meet the occurring demands. Furthermore, the specific energy consumption with 
0.22 kWh l−1 product can outperform the annual average value of the replaced dairy even under difficult 
conditions. However, it is expected that the specific energy consumption will be further reduced on an annual 
basis. Through measures such as the extensive use of waste heat recovery accounting for 32.7% of the energy 
used, energy consumption was reduced by 37.9% and greenhouse gas (GHG) emissions by up to 91.7% compared 
to conventional dairy systems. Simultaneous, the process achieves a waste heat recovery rate of over 95%. 
Furthermore, demand peaks were compensated and a system coefficient of performance (COP) of 4.1 was ach-
ieved along with the identification of existing potential for further improvements.   

1. Introduction 

Climate change is one of the most significant topics of modern so-
ciety. The energy demand and thus greenhouse gas (GHG) emissions of 
industrial processes are continuously increasing, with a clear trend for 
the coming years [1]. To achieve environmentally friendly, cheap and 
sustainable energy systems, it is now globally recognized that there is a 
necessity to increase the energy efficiency of industrial processes and 
reduce direct GHG emissions, e.g. from the burning of fossil fuels [2]. 
Simultaneously, large amounts of low-grade waste heat are available for 
potential waste heat utilization in various industrial processes, which 
are not directly usable and therefore are not exploited [3–5]. Due to this 
situation, it is essential to develop more efficient and environmentally 
friendly ways to provide thermal energy as usable heat and cold for 
industrial applications. 

A promising approach to achieve these goals, which has been 
increasingly investigated in recent years, is the integrated use of high 
temperature heat pumps in combination with thermal storage tanks for 

combined heating and cooling demands in industrial applications [6–8]. 
Of special interest regarding environmental sustainability is the use of 
natural refrigerants with low global warming potential (GWP) and 
known effects on the atmosphere for the operation of heat pump and 
refrigeration systems to avoid undesirable side effects [2]. Food pro-
cessing plants in particular offer great potential for initial improvement 
measures due to the simultaneous cooling and heating requirements in 
achievable temperature ranges for heat pump solutions that are 
currently ready for the market [9]. This observation corresponds with 
the results of comprehensive studies on the food industry, which state 
that a considerable amount of energy is required for evaporation and 
freezing processes [10]. Currently, most of this energy is generated using 
fossil fuels and the decarbonisation of these processes is key for a green 
transition of the industry [11]. 

Dairy plants were found to be very well suited for implementing high 
temperature heat pump systems due to the given process requirements. 
Processing of dairy products involves a combined application of product 
heating (thermal treatment) and cooling. In a conventional dairy the 
heating demand is traditionally covered by fossil fuel boilers, while the 
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cooling demand is covered by a separate refrigeration system. By inte-
grating an industrial heat pump that can deliver both process cooling 
and heating, the need for fossil fuel is eliminated. A large share of 
emissions from dairy products is emitted during processing within the 
dairy [12], meaning there is great potential for improvements [13]. 
Thereby varying developments can be observed in the various countries 
within the European Union (EU), both concerning the treatment 
methods used and the primary energy sources used [14,15]. Here, the 
Scandinavian countries in particular achieve the lowest values in 
product-specific energy consumption [16]. 

Published work in the literature shows that several approaches can 
be followed to improve energy efficiency and reduce GHG emissions of 
industrial processes. In recent years, many studies were conducted on 
food processing plants and the associated processes, aiming to improve 
energy efficiency and reducing the energy consumption with the asso-
ciated reduction of GHG emissions. On one side, there is a great effort to 
increase the efficiency of certain processes in terms of the technology 
used and the operating conditions, such as dryers [17]. On the other 
side, the way energy is provided [18] and controlled [19] within the 
plant is extensively investigated, as even a minimum of energy con-
sumption is necessary with improved processes. With a focus on opti-
mising individual processes as well as the overall system, several 
scientific and engineering methods are employed and continuously 
improved [20]. These include the use of energy, exergy and pinch an-
alyses, as well as the development and implementation of advanced 
mathematical approaches for the optimal design and integration of in-
dustrial heat pumps for a variety of industrial processes [21,22]. For 
many of the investigations carried out and methods used, primarily case 
studies of existing plants were employed to identify the potential for 
optimisation in the scope of improved process control and/or waste heat 
recovery. 

The present work aims to support the described trend in the scientific 
field focusing on integrating high temperature heat pumps with a high 
degree of waste heat recovery to minimise external energy consumption 
and GHG emissions of food processing plants. Unlike previous work 
based on simulations and theoretical case studies, this study demon-
strates the performance of a fully integrated energy system of a green- 
field dairy with real operational data. To authors’ best knowledge, the 
new dairy is the first in the world to operate without fossil fuel or direct 
electric heating, for which it won the “Heat Pump City of the Year 2019 
award” in the DecarbIndustry category [23]. The aim of this study is to 
demonstrate that high temperature heat pumps using natural re-
frigerants can provide further improvements even for comparatively 
good systems and thus substitute conventional fossil fuel-based solu-
tions. Furthermore, the demonstration of possible applications and 

operating data of integrated high temperature heat pumps in combina-
tion with thermal storage tanks increase confidence in such systems 
among plant owners and key decision makers. Moreover, the present 
work can reduce non-technical barriers due to uncertainties based on a 
lack of experience among the potential users. 

For this reason, this study investigates the energy consumption and 
system performance of the fully integrated heat pump system of a new 
dairy in Bergen, Norway. At first, both the system configuration and the 
process parameters are presented. Subsequently, the data collection and 
evaluation methods used are described. By using available operational 
data for one energy-intensive production week from the process 
instrumentation, an energy analysis is performed to evaluate the per-
formance. For an environmental analysis, the conducted results are 
evaluated and compared with conventional reference dairy systems. 
Based on the process integration and system performance, further 
optimisation potentials are identified and discussed. 

2. System description 

The following case study was conducted for a green-field dairy in 
Bergen, Norway, which was commissioned in 2018 with an innovative 
integrated heat pump system to provide cooling and heating at all 
temperature levels required for the production process. The dairy has a 
size of 20,000 m2 and a forecasted annual production of 43.4 million 
litres, divided into fluid milk (83.1%), cream (3.7%) and juice (13.2%), 
with fluid milk dominating the production. On the roof 6000 m2 of 
photovoltaic (PV) solar panels are installed, generating approximately 
0.5 GWh of electricity annually. The dimensioning was based on a 
replaced dairy in Minde, Norway, with an annual energy consumption of 
10.1 GWh (6.8 GWh electricity and 3.9 GWh district heating) resulting 
in a specific annual energy consumption of 0.24 kWh l−1 product for the 
year 2015. The targeted specific energy consumption for the new dairy 
was defined at 0.15 kWh l−1 product on an annual average, with pro-
duction taking place only on weekdays and not at weekends. This value 
is a realistic target based on the experience of the plant owner on 
branch-typical energy demands. In the following, the specific energy 
consumption for the investigated dairy is calculated and benchmarked 
against the targeted and reference values. 

Production processes within the dairy can be divided into several 
consumers at different temperature levels. The dairy uses the excess heat 
from cooling processes provided by ammonia chillers and upgrades this 
heat to supply usable process heat for heating demands. This enables 
process heat at different temperature levels of 40 ◦C, 67 ◦C and 95 ◦C. 
The integrated heating and cooling system of the dairy is visualized in 
Fig. 1, including three different heat pump systems and six temperature 

Nomenclature 

Abbreviations 
CIP Cleaning-in-place 
DH District heating 
DHW Domestic hot water 
EB Electric boiler 
EU European Union 
GHG Greenhouse gas 
GWP Global warming potential 
HACHP Hybrid absorption/compression heat pump 
IHPS Integrated heat pump system 
NGB Natrual gas boiler 
NH3 HP Ammonia heat pump 
NO Norway 
PV Photovoltaic 

Roman letters 
COP Coefficient of performance [–] 
h Specific enthalpy [kJ⋅kg−1] 
ṁ Mass flow rate [kg⋅s−1] 
Q̇ Thermal load [kW] 
T Temperature [◦C] 
Ẇ Power [kW] 
Greek symbols 
ρ Density [kg⋅m−3] 
Subscripts 
el Electrical 
eq Equivalent 
i Index 
in Inlet 
out Outlet  
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levels provided to the different consumers. 
Ammonia chillers supply cold glycol at −1.5 ◦C to the building and 

storage cooling and via a heat exchanger to the ice water circuit at 
0.5 ◦C, which provides cooling to different consumers, such as pasteur-
izers, filling area and milk intake. On the condenser side, the chillers 
produce hot water at 40 ◦C, which is accumulated in a storage tank. 
From the 40 ◦C tank, the hot water is distributed to the snow melting, the 
preheating of domestic hot water (DHW) and to the ammonia heat 
pumps (NH3 HPs). The return water enters another storage tank at 20 ◦C 
before being heated by the condenser side of the chillers. From the 20 ◦C 
tank, cooling is provided to the compressed air system, rinse milk cooler 
and cream pasteurizer. If the NH3 HPs are unable to provide sufficient 
cooling for the 20 ◦C/40 ◦C circuit, the dry cooler ensures the required 
deficit. 

Using the 20 ◦C/40 ◦C circuit as heat source, the NH3 HPs produce 
hot water at 67 ◦C, which is then accumulated in a storage tank. The 
67 ◦C tank supplies heating for the building heat system, DHW heating 
and the high temperature heat pump. Eventual capacity deficits are 
compensated using district heating (DH). The installed hybrid absorp-
tion/compression heat pump (HACHP), operating as high temperature 
heat pump, produces hot water at 95 ◦C for a further storage tank. The 
tank distributes the hot water to consumers, such as the cleaning-in- 
place (CIP) processes, pasteurizers and filling area. In case of a heat 
deficit in the 95 ◦C circuit, an electric heater serves as reserve source. 

The heat pump systems are designed to be able to provide nearly all 
required cooling and heating demands at the dairy, with the dry cooler, 
electric heater and DH as backup resources. Table 1 contains a detailed 
overview of the installed heat pump systems including refrigerant, 
number of units, heat source and sink temperatures and total capacities. 

The chillers and NH3 HPs are designed as single stage vapour 
compression heat pump systems with ammonia as refrigerant. Ammonia 
is a popular working fluid for both industrial refrigeration systems 

(chillers) and large NH3 HP systems due to excellent heat transfer 
properties and high volumetric heat capacity [24], which reduces the 
required compressor swept volume. The HACHP system uses the zeo-
tropic ammonia/water mixture as refrigerant and is based on the 
Osenbrück cycle [25], which extents a vapour compression cycle with an 
additional solution circuit [26]. This extension offers the typical features 
of HACHP systems, such as high achievable sink temperatures at 
comparably low-pressure levels in combination with non-isothermal 
heat transfers [27]. The volumes of the storage tanks (see Fig. 1) were 
selected in relation to the required and available process demands and 
the objective of efficient operation with continuous supply to all process 
consumers. 

3. Data collection and evaluation methods 

The data used in this analysis were collected for one week in the 
period from February 10th (00:00 CET) to February 17th (00:00 CET) 
2020. The period of one full week was selected to identify cross- 
production influences that would not be noticeable in a daily analysis. 
At the same time, due to the comparatively short time from commis-
sioning and the resulting constant changes in the operation control, it 
was not meaningful to conduct an analysis of a longer period including 
different seasonal influences. This increases to a certain degree the un-
certainty regarding the full-year values and reduces the possibility of a 
direct comparison with annual values. During the installation of the 
dairy, a significant number of sensors were installed, which made it 
possible to closely monitor the process. For all heat pump systems, 
thermal energy storages and consumers, the inlet and return tempera-
tures were determined using PT100 temperature sensors (iTHERM 
TM411, Class A, ± 0.15 + 0.002 ⋅ T [◦C]). Volume flows measurements 
in each fluid line were conducted using Coriolis flow sensors (Promass 
F300 Hart, ± 0.1%) and electromagnetic flow sensors (Promag H300 
ProfiNet, ± 0.2%). Values for total power consumption and specific 
power consumption for the various heat pumps and the electric heater 
were determined using power meters (PowerLogic PM3000, ± 0.5%). 
From this information, an average relative uncertainty was determined 
for each measurement point. These values were then used to determine 
the combined relative measurement uncertainty of the various system 
parameters including all contributing variables by applying the Root 
Sum of Square method [28]. 

For size reduction of measurement data, the value at a certain time is 
only logged by the measurement system if it differs from the value in the 

Fig. 1. Integrated energy supply system including heat pump systems and thermal storage tanks.  

Table 1 
Overview of installed heat pump systems.  

System Refrigerant Units Source Sink Total capacity 
Chillers NH3 3 4 ◦C/ 

−1.5 ◦C 
20 ◦C/ 
40 ◦C 

2400 kW 
(cooling) 

NH3 
HPs 

NH3 2 40 ◦C/20 ◦C 60 ◦C/ 
67 ◦C 

1577 kW 
(heating) 

HACHP NH3-H2O 1 67 ◦C/60 ◦C 73 ◦C/ 
95 ◦C 

940 kW 
(heating)  
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previous time step within a defined range. Since the time steps for the 
different measurements consisting of temperatures, flow rates, and 
power consumption were not the same, this led to many empty cells 
when merging the logged values. Linear interpolation between two 
known values was used to fill all empty cells. For the further use, the 
recorded data was resampled, and the average values were calculated on 
a minute basis. The programming language Python was used for data 
collection, data handling and energy balance calculations. Specifically, 
the data analysis library Pandas was used for data processing, while the 
CoolProp package was used to calculate energy balances. 

3.1. Energy analysis 

The conducted energy analysis is based on the logging values from 
the heating and cooling distribution system. It does therefore not 
consider any inefficiencies of the processing equipment itself, but 
merely studies how much energy is required to operate the dairy. Due to 
the absence of energy meters within the system, the specific thermal 
loads, Q̇i [kW], are determined using the specific energy balance for 
each consumer, i, as shown in Eq. (1). 
Q̇i = ṁi∙

(

hout,i − hin,i

)

± 3.0% (1) 
Pressures for water streams at all temperatures were assumed as 1 

bara and glycol streams as 3.5 bara based on information from the dairy. 
Since flow measurements were volumetric, mass flow rates were 
calculated using the densities for constant temperatures based on the 
mean values of the respective temperature levels (see Table 1). The 
specific enthalpies at the inlet and outlet of each component or process 
were determined using the respective measured inlet and outlet tem-
peratures and assumed pressures. The average value of the calculated 
measurement uncertainty [%] based on the measurement system used is 
presented in the equation [29]. 

3.2. Environmental analysis 

To provide an environmental perspective of the benefits of the in-
tegrated energy system, energy savings and GHG emissions were 
investigated. Based on the energy analysis a comparison between the 
energy system of the investigated dairy and a reference system with 
separated cooling and heating systems has been made, using the same 
energy requirement for each process. Here, cooling is provided using the 
chillers and dry cooler against the ambient temperature. It can be 
assumed that the power demand for a refrigeration system rejecting all 
its heat to the ambient will be lower than for a system rejecting heat to 
an integrated heat pump system (IHPS) due to lower condensing tem-
peratures [30]. The supply of the heating demand was divided into two 
scenarios: 1. EB +DH scenario with electric boiler (EB) for 95 ◦C con-
sumers and DH for the remaining heating demands; 2. NGB scenario 
with natural gas boiler (NGB) for all heating demands. A thermal effi-
ciency of 95% was assumed for the heat transfer to process heat from 
electricity, gas and DH. For a comprehensive consideration of the GHG 
emissions savings, these have been determined for Norwegian (NO) and 
EU emission cases. For electricity, an equivalent CO2 emission factor of 
17 g CO2,eq kWh−1 is assumed in the NO case, based on the Norwegian 
energy mix for electricity consumption in 2019 [31]. In the EU case, the 
emission factor for electricity is 295.8 g CO2,eq kWh−1, based on the EU 
energy consumption in 2016 [32]. For DH, the emissions factor is 23.4 g 
CO2,eq kWh−1, based on the energy mix of the local district heating 
provider BKK in 2019 [33]. This value does not include CO2 emissions 
associated with the combustion of bio waste, which in most cases can be 
justified as it is part of the natural carbon cycle. The emission factor 
associated with natural gas consumption is 205 g CO2,eq kWh−1 [34]. 

3.3. Performance analysis 

The performance of the individual heat pump systems is evaluated 
through the respective coefficient of performance (COP). It relates the 
total amount of heat supplied to (for heating) or extracted from (for 
cooling) a system to the total amount of work required to achieve that 
effect, hence indicating the efficiency of the heat pump or refrigeration 
system: 

COPHeating =

∑

⃒

⃒

⃒

⃒

Q̇Heating

⃒

⃒

⃒

⃒

∑

Ẇel

± 3.6% (2)  

COPCooling =

∑

⃒

⃒

⃒

⃒

Q̇Cooling

⃒

⃒

⃒

⃒

∑

Ẇel

± 3.6% (3)  

where Q̇Heating is the useful heat supplied to the system and Q̇Cooling is the 
useful heat removed from the system. For the work required, the value 
determined by the power meters is used, which includes losses in the 
inverter, motor, and compressor. Other values for auxiliary equipment 
such as pumps are not included. The theoretical maximum for the COP 
of a heat pump or refrigeration system operating between heat source 
and sink with constant temperatures is defined by the Carnot process, 
which is given by 

COPCarnot Heating =
Tsink

Tsink − Tsource

(4)  

COPCarnot Cooling =
Tsource

Tsink − Tsource

(5)  

where Tsink and Tsource are in [K], respectively. In this case there is a small 
temperature difference between the input and output of the heat source 
and heat sink, and the temperatures are not constant, so the average 
output temperatures are used for the calculation. To evaluate the system 
performance, the Carnot efficiency, ηCarnot , is determined as the ratio of 
the COP to the theoretically achievable Carnot COP, as shown in Eq. (6) 
[35]. 

ηCarnot =
COP

COPCarnot

(6) 

The overall system COP is defined as the ratio of the sum of the 
useable thermal heating and cooling loads to the total electricity con-
sumption of the heat pump systems, using Eq. (7): 

COPsystem =

∑

⃒

⃒

⃒

⃒

Q̇Heating

⃒

⃒

⃒

⃒

+
∑

⃒

⃒

⃒

⃒

Q̇Cooling

⃒

⃒

⃒

⃒

∑

Ẇel

± 8.7% (7)  

4. Results and discussion 

The results of the conducted analysis are based on the investigated 
production week in February. The total amount of product was 733,957   
L, corresponding to a production capacity of 88%, divided into 589,399   
L of fluid milk (80.2%), 26,045  L of cream (3.5%) and 119,513  L of 
juice (16.3%). When comparing this amount to the total energy con-
sumption of electricity (138.6 MWh) and DH (26.6 MWh), excluding the 
electricity generated by PV solar panels (0.8 MWh), this results in a 
specific energy consumption of 0.22 kWh l−1 product. The period 
studied covers one week in winter with temperatures below zero degree 
and snowfall, when energy consumption is generally higher than in 
summer. Therefore, it is expected that specific energy consumption will 
be reduced on an annual basis and full production volume. And despite 
the difficult conditions, the investigation already indicates a reduction 
of about 10% compared to the specific energy consumption of the 
replaced dairy, which was 0.24 kWh l−1 product on an annual basis. As 
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the operational experience with this dairy is new, it is also expected that 
with increasing knowledge of process equipment and optimization 
techniques, the specific energy consumption will continue to decrease 
over time, thus reaching the targeted 0.15 kWh l−1 product on an annual 
basis. To identify potential improvements for the further reduction of 
the energy consumption, an energy and environmental analysis were 
performed, and the process integration and system performance 
investigated. 

4.1. Energy analysis 

Table 2 gives an overview of the energy demands with amount 
[MWh] and share [%] of the various process consumers. The list in-
cludes only end consumers of energy and intermediate consumers of 
heat and electricity, such as the heat pump systems, are not included. 

The process consumer labelled “Other” has the largest single share 
(33.7%) and consists of a collection of consumers which includes elec-
trical consumption from building lighting, the air compressor and fans, 
pumps and other auxiliary processing equipment, DH not used directly 
in the dairy process and waste heat, where individual values were not 
available. This value was obtained from subtracting the known con-
sumers of electricity and DH from the total consumption. The second 
and third biggest energy consumers are the heat consumers at 95 ◦C 
(22.3%) and 67 ◦C (17.3%). Overall, heating processes thus account for 
the largest share of energy demand (41.6%). 

To provide the required energy demands, electricity and DH were 
used as external energy sources, and waste heat recovery was utilized by 
the heat pump systems. Energy sources used in the dairy with their 
respective amounts [MWh] and shares [%] are shown in Table 3. 

The total value of 245.5 MWh includes all energy consumed in the 
dairy, with electricity covering most of the energy demand (56.5%). 
Except for the electricity generated from the installed PV solar panels 
(0.3%), this energy is supplied together with DH (10.8%) from external 
sources and contribute to GHG emissions. With a share of 0.3%, PV solar 
panels contribute little to reducing total external energy consumption. 
However, as the data collection period was in February, a week with 
cloudy weather and regular snowfall, their contribution is expected to be 
significantly higher on average over a whole year. Waste heat recovery 
is accountable for 32.7% of the energy supplied and is provided by two 
main sources, the chillers (28.7%) and cooling of the compressor, the 
rinse milk and cream pasteurizer (4.0%). With the integration of the 
waste heat from the chillers into the dairy process being by far the 
largest contribution to waste heat recovery. For further utilization in the 
process, the waste heat recovered from the chillers is increased by the 
electricity consumption, as the electricity required for cooling is un-
avoidable. In contrast, cooling of the compressor, the rinse milk and 
cream pasteurizer can take place above the ambient temperature and 

therefore do not require additional energy. However, in this case the 
heat is used within the process via heat recovery. These results show that 
despite the modest reduction in specific energy consumption, without 
waste heat utilization, the consumption of electricity and DH would be 
considerably higher. The contradictory results indicate that this was a 
week where energy demands per litre product were higher than average. 

4.2. Environmental analysis 

Based on the energy demands presented in Table 2, a comparison was 
made between the IHPS and a reference system with separated cooling 
and heating system, as described in Chapter 3.2. When using dry cooling 
in the IHPS, the return temperature after cooling was on average about 
7 ◦C lower than the return temperature of the other cooling sources, 
making it clear that the cooling efficiency was to some extent sacrificed 
to achieve the utilization of surplus heat. The cooling system for the 
reference system can achieve a higher COP due to the reduced 
condensing temperature, resulting in lower power consumption. For the 
calculation of the electricity demand for the chillers in the reference 
scenarios, it was therefore assumed that the exclusive use of dry cooling 
leads to 7 ◦C lower condensing temperatures. This results in a Carnot 
COP of 9.5, which with an expected Carnot efficiency of 60% gives a 
COP of 5.7. Cooling requirements at 20 ◦C are not included as energy 
demand since it requires no additional energy input from either system. 
Data including additional power consumption from auxiliary equipment 
related to the heat pumps and thermal storage tanks was not available, 
so that this part has been neglected. Table 4 shows the comparison of the 
investigated energy systems based on the determined energy input 
values. 

Based on the values in Table 2 and by excluding the 20 ◦C processes, 

Table 2 
Energy demands of the various process consumers.  

Energy consumers Amount [MWh] Share [%] 
Heating processes at 95 ◦C 72.7 22.3  
– Process Heat 72.7 22.3 
Heating processes at 67 ◦C 56.4 17.3  
– Building Heat 50.0 15.3  
– DHW – Heating 6.4 2.0 
Heating processes at 40 ◦C 6.6 2.0  
– DHW – Preheating 5.0 1.5  
– Snow Melting 1.6 0.5 
Cooling processes at 20 ◦C 9.9 3.0  
– Comp. /Rinse Milk/Cream Past. 9.9 3.0 
Cooling processes at 0.5 ◦C 30.9 9.5  
– Process Cooling 30.9 9.5 
Cooling processes at ¡1.5 ◦C 39.5 12.1  
– Building and Storage Cooling 39.5 12.1 
Other 109.8 33.7  
Total 325.8 100.0  

Table 3 
Energy sources with amount and share.  

Energy sources Amount [MWh] Share [%] 
Electricity 138.6 56.5  
– From grid 137.8 56.2  
– From PV solar panels 0.8 0.3 
District heating 26.6 10.8 
Waste heat recovery 80.3 32.7  
– Chillers 70.4 28.7  
– Comp./Rinse Milk/Cream Past. 9.9 4.0  
Total 245.5 100.0  

Table 4 
Comparison between the IPHS and a reference energy system.    

IHPS Reference 
Process Required 

[MWh] 
Source Amount 

[MWh] 
Source Amount 

[MWh] 
Heating at 

95 ◦C 
72.7 HTHP 11.7 EB/ 

NGB 
76.5   

EB 3.7    
Heating at 

67 ◦C 
56.4 NH3 

HP 
20.1 DH/ 

NGB 
59.4   

DH 3.2    
Heating at 

40 ◦C 
6.6 Chillers 0.0 DH/ 

NGB 
6.9  

Cooling at 
0.5 ◦C/ 
−1.5 ◦C 

70.4 Chillers 16.7 Chillers 12.3  

Other 109.8 El. Grid 85.6 El. Grid 86.4   
El. 
Solar 

0.8     

DH 23.4 DH/ 
NGB 

23.4  

Total 315.9  164.4  264.9  
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the total energy demand of the dairy is 315.9 MWh. The IHPS requires 
an external energy input of 164.4 MWh to cover this demand, reduced 
by the 0.8 MWh of energy generated by the PV solar panels. For the 
reference system, the total energy consumption is 264.9 MWh, resulting 
in a total external energy saving for the IHPS of 100.5 MWh (37.9%). 
Compared to the EB +DH scenario (using electric boiler and DH), this 
corresponds to electricity savings of 37.4 MWh (21.3%) and DH savings 
of 63.1 MWh (70.4%). In the NGB scenario, 98.7 MWh were provided by 
electricity and 166.1 MWh by the NGB. For the investigation of the GHG 
emissions, the determined external energy consumption was projected 
over a period of one year and multiplied by the corresponding equiva-
lent CO2 emission factors. Fig. 2 shows the calculated GHG emissions in 
tons CO2 equivalent projected for the period of one year [t CO2,eq 
year−1] of the investigated scenarios for the NO and EU case, respective. 

The reduction in GHG emissions for the IHPS in the NO case is 41.6% 
compared to the EB +DH scenario and 91.7% compared to the NGB 
scenario. The relatively low emission factor for electricity is responsible 
for the large GHG emission savings compared to the energy savings. A 
reduction in GHG emissions will also be achieved in the EU case, even 
though the savings are proportionally lower with 23.2% (EB +DH) and 
34.3% (NGB) respectively. These results are consistent with the findings 
of [36] and [37], which stated that the use of high temperature heat 
pumps and EB can substitute conventional NGB and lead to large savings 
in primary energy consumption and GHG emissions, especially in 
countries with a high share of renewable energy sources in their energy 
mix. 

4.3. Process integration 

A well-integrated process is necessary to compensate for peak energy 
loads, time differences between available heat surplus and demand, and 
temperature differences. Fig. 3 presents an overview of the energy flows 
[MWh] in the dairy processing plant using a Sankey diagram [38]. The 
diagram shows the integration of energy consumers, heat pump systems 
and thermal storage tanks at different temperature levels. Individual 
energy consumers of the corresponding temperature levels were sum-
marized. The diagram does not include an overview of the power con-
sumption of auxiliary equipment such as lighting, air compressors, fans, 
and other devices, as these were not provided individually. Energy flows 
are directed from left to right and the line width represents the respec-
tive quantity. Therefore, it is visible for each stage which energy flows 
enter and exit. Discrepancies between entering and leaving energy flows 
for single components in the diagram are caused by differences between 
the calculated values on both sides. Reasons for these discrepancies may 
be based on several factors, such as measurement uncertainties and data 
processing methods. The largest differences were observed where 
cyclical processes with rapid changes in temperatures and volume flows 
occur. It is therefore assumed that these, in combination with a peri-
odically low measurement resolution, are the main causes for discrep-
ancies between the determined results. 

The analysis of the energy flows indicates that the amounts of energy 

from the use of DH (3.2 MWh) and the electric heater (3.7 MWh) to 
cover the peak heat demand at 67 ◦C and 95 ◦C are small compared to 
the heat supplied by the heat pumps (105.9 MWh and 69.2 MWh). 
Likewise, the use of dry cooling (4.3 MWh) is limited compared to the 
amount of surplus heat provided by the chillers (87.2 MWh). This results 
in a waste heat recovery rate for the entire process of more than 95%. 
This indicates that the utilization of heat pump systems and thermal 
storage tanks are well integrated into the dairy process and sufficiently 
dimensioned. An investigation of hourly heat demands was made to 
further evaluate this integration. Fig. 4 shows the hourly thermal load 
profiles for the process consumers and suppliers over the period of the 
investigated week. The stacked chart area represents the sum of the 
thermal load for all consumers of heat, while the solid line represents the 
supply of heat from the recovered waste heat from cooling processes, 
including the heat generated from the electrical power to the heat 
pumps and the various dashed lines represent the use of the respective 
backup sources. 

The illustration indicates a good match between heat supply and 
demand for most of the time. Occurring demand peaks and associated 
heat deficits are often managed without use of DH or electrical heater as 
backup sources. On the other hand, surplus heat is usually handled 
without the use of dry cooling. This indicates that the thermal storage 
tanks provide a reasonable compensation for the imbalance between the 
required process heat and the heat supplied by the heat pump systems. 

During weekdays, the dairy processing is performed during daytime, 
resulting in the highest thermal peak loads. The cyclical behaviour of the 
load is highly affected by the load variations from the 95 ◦C processes. 
Peak loads from the 95 ◦C processes exceed the high-temperature heat 
pump capacity of 940 kW on a daily basis, proving again that the ther-
mal storage tanks are used to overcome peak loads. The use of the 
electric heater is mainly limited to the start-up of the process, which is 
caused by the support of the high temperature heat pump start in the 
morning. Load variations in the 67 ◦C circuit are smaller than in the 
95 ◦C circuit, as many of the consumers such as building heating and 
DHW require a continuous heat supply. Peak loads are usually well 
within the total heat pump capacity of 1577 kW. The increasing use of 
DH during the week therefore indicates a shortage of available waste 
heat from cooling processes. 

During the weekend, the heat demand is reduced by more than half 
and remains more constant compared to weekdays. In particular, the 
heat demand for the 95 ◦C circuit is reduced and yet the electric heater is 
used more extensively. On the other hand, dry cooling is also being used 
more frequently in the same period. The backup source is thus used to 
cover a heat deficit with a simultaneous available heat surplus. The 
integration and evaluation of the data for the weekend indicates that by 
using the dry cooler, a total of 2.9 MWh of surplus heat was not utilized, 
which was almost twice as much as the amount of heat generated by the 
electric heater at 1.5 MWh. An explanation for this behaviour requires 
more insight into the process control system. In any case, these findings 
indicate that there is improvement potential for the energy utilization. 
For a more detailed analysis, the load profiles of HACHP and electric 
heater are plotted together with the temperatures from and to the 95 ◦C 
tank over the weekend (see Fig. 5). The solid lines represent the supplied 
heat load from both HACHP, and electric heater and the dotted lines 
represent the inlet and return temperatures before and after the systems. 

With closer examination it becomes clear that the HACHP works in a 
cyclic manner together with the electric heater, but not at the same time. 
These systems are operated to maintain a certain temperature level in 
the thermal storage tank. If the temperature in the tank drops (indicated 
by the blue dotted line), the HACHP is operated until a defined set point 
temperature is reached and then stops operating. When the return 
temperature (orange dotted line) is too low or the required capacity is 
too small, the electric heater is used to raise the temperature. The 
missing ability of the HACHP to further reduce capacity could lead to 
this cyclical behaviour until it improves with increasing demand to-
wards the end of the weekend. This is an indication that the system is not Fig. 2. GHG emissions of the investigated scenarios for the NO and EU case.  
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tuned for operation at half thermal load and further potential for 
improvement is available here. Possible approaches are the adaptation 
of the selected temperature set points. Thereby the temperature for the 
start of the electric heater could be reduced to limit the usage. In 
addition, if feasible, the minimum temperature level for the tank could 
be lowered on weekends to extend the charging times of the HACHP. 

4.4. Performance analysis 

In this section, the results of the performance analysis of the specific 

heat pump systems as well as the overall system are presented. Fig. 6 
shows the thermal load profiles of the heat pump systems during the 
investigated week. 

The thermal loads for all heat pump systems were mostly well below 
the installed total capacity. As previously discussed, thermal loads for 
both heating and cooling are mainly affected by the high temperature 
processes at 95 ◦C, causing the cyclic heat demand during weekdays at 
daytime. The demand for building and storage cooling ensures that the 
chillers are in continuous operation throughout the week. The building 
heat and DHW ensure a stable heat demand in the 67 ◦C circuit, while 

Fig. 3. Sankey diagram of energy flows in the dairy process.  

Fig. 4. Hourly thermal load profiles of the various process consumers and suppliers.  
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the total heat load is significantly reduced at weekends and the NH3 HPs 
are operated cyclically. The HACHP system operates in the most cyclical 
way, as it only supplies heat to the 95 ◦C processes and is not in oper-
ation during the night on weekdays. This is also due to the fact of having 
only one unit which restricts the possible capacity control. Table 5 
shows the results of the conducted performance analysis for the different 
heat pump systems. 

During the investigated period, the average COP for the chillers was 
4.2 with a Carnot efficiency of 55%. As already discussed in chapter 4.2, 
the use of dry cooling was minimal compared to the total amount of 
waste heat used for snow melting, DHW and the NH3 HPs. However, 
when dry cooling was used, the return temperature after cooling was 
about 7 ◦C lower than the return temperature of the other cooling 
sources. This suggests that cooling efficiency has to some extent been 
sacrificed to achieve utilization of surplus heat. The average COP for 
NH3 HP was 5.3, resulting in a Carnot efficiency of 65%, which is in the 
upper range for large scale industrial heat pumps [39]. The HACHP 
achieved an average COP of 5.9, resulting in a Carnot efficiency of 53%, 
which is within the expected range for state-of-the-art high temperature 
heat pumps on the market [9]. For the calculation of the overall system 
performance, all provided cooling and heating loads were summed up 
based on Table 2, excluding “Others”, resulting in a value of 216.0 MWh. 

The required work was determined to be 52.2 MWh based on the elec-
tricity consumption in Fig. 3. This results in a total system COP of 4.1 for 
the examined week in February. The presented performance values were 
achieved during an energy-intensive week, so it can be stated that the 
IHPS can certainly compete with conventional solutions. 

5. Conclusion 

This study investigates the energy consumption and system perfor-
mance of an integrated energy system of a green-field dairy located in 
Bergen, Norway. The dairy features a novel and innovative solution of a 
fully integrated energy system. The system features high temperature 
heat pumps using natural refrigerants to provide all temperature levels 
of heating and cooling demands, enabling significant energy savings 
compared to the replaced dairy and other conventional dairy systems. 
By using available operation data for an energy-intensive week, an en-
ergy analysis has been performed to evaluate the system performance. 
The results were compared against reference dairy scenarios using 
conventional methods for providing the heating and cooling demands. 

The results obtained show a specific energy consumption of 0.22 
kWh l−1 product for the investigated week, allowing the integrated dairy 
to outperform the annual average of the replaced dairy despite chal-
lenging conditions. The energy analysis indicated that 33.0% of all en-
ergy sources in the new dairy already come from either waste heat 
recovery or solar energy, while the process achieves a waste heat re-
covery rate of over 95%. 

By using the determined energy demand of the dairy for the week, 
the external energy consumption and GHG emissions for a correspond-
ing reference system were calculated. The integrated dairy achieved 
external energy savings of up to 37.9%, while GHG emission reductions 
of 23.2% to 91.7% are achievable, depending on the respective scenario 
and case. The continuing trend towards an increasing share of renewable 

Fig. 5. Load profiles of high temperature heat pump and electric heater over the weekend.  

Fig. 6. Thermal load profiles of the heat pump system.  

Table 5 
Performance data of the heat pump systems.  

System Heat supply 
[MWh] 

Power 
consumption 
[MWh] 

COP 
[–] 

COPCarnot 
[–]  

ηCarnot 
[%]  

Chillers 70.4 16.7 4.2 7.7 55 
NH3 

HPs 
105.9 20.1 5.3 8.1 65 

HACHP 69.2 11.7 5.9 11.2 53  
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energy in the electricity mix has a positive effect on the competitiveness 
of the integrated system. 

The detailed evaluation of the process integration revealed a good 
match between the heat supply from cooling processes and the heat 
demand from heating processes both in terms of overall load and the 
simultaneousness between supply and demand. Thermal storage tanks 
cover peak loads and provide useful heat storage, especially for the 95 ◦C 
circuit. A very modest use of backup resources in the process supports 
these findings, while further improvement potential was identified for 
the operation of these. 

The results obtained clearly demonstrate that the integrated energy 
system with high temperature heat pumps and thermal storage tanks is 
suitable for providing all cooling and heating demands of the investi-
gated dairy. The achieved performance values with a total system COP 
of 4.1 despite an energy-intensive operation period can certainly 
compete with conventional solutions. Thus, a further reduction of the 
specific energy consumption to the target value of 0.15 kWh l−1 product 
on an annual average appears feasible. To support the conclusions of this 
paper, further work should include an analysis over a longer period, 
considering various seasonal influences. 
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A B S T R A C T   

This study investigates a numerical model of an oil-free twin screw compressor with an ammonia-water mixture 
as refrigerant and liquid injection. The compressor was identified as the main constraint to increase the heat sink 
temperature of absorption-compression heat pump systems past 120 ◦C. Liquid injection can reduce the super-
heating of the vapor during compression, while an existing liquid film can provide lubrication and sealing, 
enabling oil-free operation. A quasi-one-dimensional numerical model was developed using the Modelica lan-
guage. It considers the effects of liquid injection flows and injection positions, leakages, heat losses, and variation 
in ammonia mass fractions. The results revealed a strong influence of occurring internal leakages, varying 
ammonia mass fractions of the injected solution and changing injection flows and positions on the evolution of 
temperature, pressure, and compression power. The injection with a lower ammonia mass fraction is beneficial 
for reducing the discharge temperature, discharge pressure and compression power. The increase in injection 
flow led to a further reduction in the values obtained. Continuous wet compression, required for sufficient sealing 
and lubrication of the compressor, was achieved with injection at 360◦ at the beginning of the compression phase 
and an injection rate of about 10% of the compressor’s suction mass flow. By distributing the injection to two 
injection ports, wet compression can be supported and occurring under-compression and backflow can be 
reduced.   

1. Introduction 

Thermal processes in the industry are responsible for increasing 
energy consumption and the associated CO2 emissions [1]. It is therefore 
of great interest to improve the energy efficiency of heat supply systems 
to reduce the consumption of energy and resources [2]. At the same 
time, large amounts of low-grade waste heat are available for potential 
waste heat recovery in various industrial processes [3]. For example, the 
waste heat potential in the EU is estimated at approx. 300 TWh/year, of 
which one third is at the temperature level below 200 ◦C, often referred 
to as low-temperature waste heat [4]. The use of high temperature heat 
pumps with natural working fluids, such as ammonia and water, instead 
of conventional boilers is an effective measure to exploit available waste 
heat while reducing the consumption of energy and dependency of fossil 
fuels, as outlined by Bergamini et al. [5] in a thermodynamic system 

comparison. Ahrens et al. [6] supported this statement by presenting 
operational performance results of an integrated energy system of an 
existing dairy plant, using heat pumps entirely for all cooling and 
heating applications. Many authors such as Arpagaus et al. [7], Kos-
madakis [8], Marina et al. [9], and Jiang et al. [10] investigated and 
summarized the possibilities of using high temperature heat pumps and 
found great potential for the application in various industrial sectors for 
the supply of process heat with sink temperatures above 100 ◦C. 

One of the suitable heat pump solutions for various industrial high 
temperature applications is the absorption-compression heat pump 
(ACHP) system with the zeotropic ammonia-water mixture as working 
fluid. The ACHP system combines the advantages of achievable sink 
temperatures up to 120 ◦C with large temperature lifts (>60 K) and non- 
isothermal heat transfers (>30 K) [11]. To increase the system efficiency 
and further extend the range of applications by achieving higher sink 
outlet temperatures and associated pressure levels, the compressor was 
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identified as the main constraint due to limitations in the manageable 
compressor discharge temperature [12]. During his investigations, 
Zaytsev [13] identified the use of liquid-injected screw compressors (in 
operation as wet compression) as a potential solution to the problem of 
occurring superheat during the compression of ammonia vapor. 

The general objectives of liquid injection during the compression 
process in a screw compressor include the reduction of occurring leak-
ages along with the reduction of superheating, resulting in improved 
efficiency of the compressor [14]. Furthermore, this can lead to an oil- 
free operation of the ACHP system, promising further benefits 
including lower installation costs due to fewer components (oil sepa-
rator and cooler) and higher efficiencies due to improved heat transfer 
and reduced heat losses without the use of oil. Given the elimination of 
oil stability issues in oil-free operation, an increased compressor 
discharge temperature can be accepted and exploited to potentially in-
crease the achievable heat sink temperatures, as outlined by Infante 
Ferreira et al. [15]. Zaytsev et al. [16] stated that providing the 
compressor with sufficient liquid injection for lubrication and sealing is 
essential to increase the compressor’s efficiencies and maintain the 
thermal limits of the compressor’s material by providing cooling. 

The process of liquid injection in twin screw compressors was 
investigated by several authors, both theoretical and experimental, for 
different refrigerants and working conditions. For the theoretical 
investigation, a variety of models with mostly numerical approaches 
were developed using different methods [17]. As reviewed by Wang 
et al. [18], these range from quasi-one-dimensional models to more 
complex computational fluid dynamics (CFD) models with varying de-
grees of complexity by incorporating different assumptions (homoge-
nous or heterogenous model, losses considered, etc.) and phenomena 
occurring (heat and mass transfer). Stosic et al. [19] investigated the 
influence of oil injection and analysed widely the effects of various pa-
rameters such as oil flow rate, inlet temperature, droplet atomization, oil 
injection port position and compressor speed on the performance of a 
twin screw compressor. The authors concluded that the parameters have 
varying influences on the performance and an optimal oil injection 
quantity can be found. In another study of oil-free compressors, Stosic 
et al. [20] demonstrated that injecting small amounts of water to control 
the rotor temperature was sufficient to operate single-stage compressors 
at higher pressure ratios with only minor modifications required. Yang 
et al. [21] conducted an experimental investigation of a water-injected 

process-gas screw compressor and found that the liquid injection 
could reduce the compressor discharge temperature significantly while 
increasing the capacity. The authors further stated that an optimal mass 
flow of injected water exists to effectively lower the discharge temper-
ature while sealing the gap between the female and male rotors. Tian 
et al. [22] investigated a water-injected twin-screw compressor for 
water vapor compression and demonstrated that the injection rate must 
be adjusted to the respective rotor speed and operating point. The aim is 
to achieve saturated discharge temperature and to avoid flooding with 
too much liquid water, as this results in the highest efficiencies. 
Furthermore, a uniform and fine atomization by using nozzles is ad-
vantageous, while the injection temperature revealed only little effect 
on the cooling effect. Basha et al. [23] numerically investigated the 
implementation of the oil injection for a twin screw compressor. They 
found that the distribution of the injection over multiple injection ports 
for the same total liquid quantity revealed a positive influence on the 
compression process and the parameter achieved. These findings were 
confirmed by Tian et al. [24] in an additional numerical investigation on 
mass and heat transfer in an ammonia oil-free twin-screw compressor 
with liquid injection. The obtained results indicated that the average 
droplet diameter of the injected liquid should be less than 100 µm to 
ensure a sufficient cooling effect and improve the performance of the 
compressor. Furthermore, an optimization method for the positioning of 
the injection nozzle and the amount of injected liquid was proposed. 
Based on their results, the authors recommended adding a second in-
jection nozzle. This should be placed after the starting point of the 
compression process, where the temperature gradient is greatest, and 
should receive about 70 % of the total injected amount. Patel and 
Lakhera [25] conducted a comprehensive review of experimental 
studies related to twin screw compressors. They concluded that for oil- 
free operation the understanding of improved thermal management 
through the usage of liquid injection along with self-lubricated bearings 
must be further explored. 

The conducted literature review revealed that many investigations 
were performed on liquid injection in twin screw compressors using 
pure refrigerants and oil injection. It was stated that liquid injection had 
an overall positive influence on the achievable efficiency and the 
reduction of superheating. Thereby, it is important to maintain a high 
vapor quality of the compressed fluid while avoiding the flooding of the 
compressor with too much liquid. This results in an optimization 

Nomenclature 

Abbreviations 
ACHP Absorption compression heat pump 
CFD Computational fluid dynamics 
CV Control volume 
IHX Internal heat exchanger 
Roman Letters 
A Flow area [m2] 
f Operational frequency [Hz] 
h Specific enthalpy [J/kg] 
ṁ Mass flow rate [kg/s] 
p Pressure [bar] 
Q̇ Heat transfer rate [W] 
T Temperature [◦C] 
u Specific internal energy [J/kg] 
V Volume [m3] 
W Work [J] 
Ẇ Power [W] 
x Ammonia mass fraction [-] 

Greek symbols 
α Heat transfer coefficient [W/m2K] 
θ Rotational angle of male rotor [rad] 
νi Built-in volume ratio [-] 
ρ Density [kg/m3] 
ω Angular velocity [rad/s] 
Subscripts 
body Compressor body 
comp Compression 
dis Discharge 
disp Displacement 
eff Effective flow area 
in Inlet 
inj Injection 
j Index 
leak Leakage 
lean Lean solution 
max Maximum 
out Outlet 
rich Rich solution 
suc Suction  
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problem for the liquid injection flow. For the implementation of the 
injection, both the positioning of the injection port in the compression 
cycle and the distribution over a single port or multiple port injection 
revealed impact on the compression process. Furthermore, improved 
cooling effects were obtained with smaller droplet diameters, which can 
be provided by using nozzles and other devices. 

Recent studies on the oil-free operation of the screw compressor and 
the use of ammonia-water mixture are limited to the conducted studies 
on wet compression with liquid injection in the suction and compression 
phases investigated by Gudjonsdottir et al. [26] and Gudjonsdottir and 
Infante Ferreira [27]. However, the system setup used, as well as the 
operating conditions investigated, deviate from the envisaged objectives 
of this study. Thus, a research gap exists for the planned integration of an 
oil-free twin screw compressor with liquid injection into the ACHP 
system at high temperature operation. For this, the effects on the 
compression process of different injected liquid rates, injection positions 
and injection distributions for changing ammonia mass fractions of the 
ammonia-water mixture must be investigated. 

To address the identified research questions, this study introduces 
and investigates the quasi-one-dimensional model of an oil-free liquid- 
injected twin screw compressor for use in the ACHP system at high 
temperature operation. The purpose is to improve the understanding of 
the thermodynamic behaviour and expected results during the 
compression process with varying liquid injection parameters. Further-
more, the obtained results provide information for the preferred design 
of the liquid injection when integrated into ACHP systems and support 
the planning of necessary experimental investigations. 

2. Background 

In this section, the theoretical background for the conducted 
research is presented. First, the ACHP system using ammonia-water 
mixture as working fluid is described, with a special focus on the 
compressor to be investigated and the discussion of possibilities for 
implementing liquid injection. The subsequent thermodynamic analysis 
provides the basis for the development of the simulation model and the 
evaluation and assessment of the achieved results. 

2.1. The absorption-compression heat pump system 

A schematic illustration of the ACHP system, often referred to as 
Osenbrück cycle in recognition of its inventor Osenbrück (1895) [28], is 
presented in Fig. 1. For the focus of this study, two possible options for 
the desired implementation of liquid injection in the screw compressor 
under investigation were identified: injection of lean solution (Option 1) 
and injection of rich solution (Option 2). 

In the ACHP, the desorber and absorber transfer heat with the heat 
source and sink. The ammonia-rich solution enters the desorber at low 
pressure (10). As the temperature increases, the solubility of the 
ammonia in water decreases, causing ammonia vapor to expel. As a 
result, a two-phase mixture leaving the desorber towards the liquid-
–vapor separator (1). The low-pressure vapor and lean solution are 
separated in the liquid–vapor separator before being directed to the 
compressor (2) and solution pump (4). The compressor increases the 
pressure and temperature of the vapor (2 to 3), while the pump elevates 
the pressure of the lean solution correspondingly (4 to 5). To improve 
the cycle performance, an internal heat exchanger (IHX) is installed to 
interconnect the solution streams. Heat is exchanged between the lean 
and rich solution, resulting in a temperature increase of the lean solution 
(5 to 6) and a decrease of the rich solution (8 to 9). At the high-pressure 
side, the lean solution (6) is then mixed with the superheated NH3 vapor 
from the compressor (3) at the inlet of the absorber (7). In the absorber, 
vapor is absorbed by the liquid and the generated heat is transferred to 
the heat sink fluid. During the absorption process, the NH3 mass fraction 
in the solution phase gradually increases and a saturated solution 
emerges at the outlet of the absorber. The ammonia-rich solution then 
flows through the IHX before being throttled down to desorber’s pres-
sure (8 to 9 to 10) and thus completing the cycle. 

2.2. Possibilities for liquid injection 

For the study of compression with liquid injection, the effects with 
varying NH3 mass fraction of the injected solution (xinj), injected mass 
flow rate 

(

ṁinj

)

and position of injection (θinj) are investigated. With 
respect to the structure of the ACHP system (see Fig. 1), two possible 
options for the arrangement of the injection line are highlighted. Option 

Fig. 1. Schematic illustration of ACHP system including possible liquid injection options.  
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1 - Injection of the lean solution: extraction of the lean solution 
(xlean 0.3−0.5) downstream of the solution pump, where the solution is 
significantly subcooled due to the previous pressure rise from the satu-
rated state. Option 2 - Injection of the rich solution: extraction of the rich 
solution (xrich 0.6−0.8) downstream of the IHX and upstream of the 
expansion valve. In this case, the solution remains at high pressure and 
was subcooled by the lean solution. Thus, the solution for injection will 
be present in highly subcooled liquid state for both options. Depending 
on the position of the injection, subcooled solution will be injected into 
increasingly superheated vapor with the start of the compression phase. 
In this case, the solution is not in a state of equilibrium in terms of 
pressure and temperature. The equilibrium state of the solution pa-
rameters is strongly influenced by the injection flow rate and possibility 
of injection at multiple positions between suction, compression, and 
discharge phases, along with internal flows due to leakage. Furthermore, 
the thermodynamic properties of the solution and vapor phases change 
as a function of temperature, pressure, and NH3 mass fraction. It is 
therefore important to further describe and analyse the expected ther-
modynamic behaviour of the NH3-H2O mixture during occurring 
parameter changes. 

2.3. Thermodynamic analysis 

The NH3-H2O mixture used in the ACHP system is a zeotropic 
mixture consisting of two solution components with different boiling 
points [29]. Fig. 2 shows the temperature-NH3 mass fraction (T−x) di-
agram with bubble point and dew point lines at different pressure levels. 

The indicated example is valid for liquid–vapor equilibrium condi-
tions and illustrates the thermodynamic behaviour of the NH3-H2O 
mixture at a constant NH3 mass fraction x1 of 0.5 and pressure p1 of 5 bar 
during the temperature change from subcooled solution state (0) to 
superheated vapor state (4). The injected solution (lean or rich) is in the 
subcooled state (0). The temperature of the solution is gradually 
increased due to the contact with the superheated vapor in compressor. 
At the boiling point (1′ ) the saturated vapor of NH3 and H2O is formed 
(1′′). The further increasing of the solution’s temperature (2) results in 
desorption of NH3 and the NH3 mass fraction in the liquid phase drops 
(1′

−3′ ), while vapor fraction of NH3 is increasing (1′′ −3′′). In the su-
perheated state (4) is the solution fully evaporated. Rising the pressure 
(p1 to p3) leads to increasing temperatures of the bubble point and dew 
point lines. Thus, the degree of subcooling of the solution at a higher 
pressure is increasing. It should be noted that the equilibrium state of the 

solution is not defined by pressure and temperature only. The significant 
amount of NH3 in the superheated vapor shifts the equilibrium state of 
the NH3-H2O vapor mixture. Thus, the evaporation of saturated solution 
will continue to compensate for the low partial pressure of H2O vapor in 
the gas mixture [24]. Due to this, in the case of low mass flow rates of the 
injected solution, the full evaporation will occur irrespectively on the 
temperature and pressure. When used in ACHP systems, however, 
remaining liquid and wet compression are essential for sufficient sealing 
and lubrication of the compressor. 

3. MODELICA twin screw compressor model 

The developed model of the oil-free liquid-injected twin screw 
compressor is a quasi-one-dimensional numerical model with multiple 
control volumes (CV), each representing the volume of one rotor cavity, 
and follows the concepts presented by Chamoun et al. [30] and Tian 
et al. [22]. The model was written in the object-oriented Modelica lan-
guage [Modelica Association] and was implemented and solved in the 
Dymola 2020 simulation environment using the ESDIRK23A standard 
solver by Dassault Systèmes [31]. Two commercial Modelica libraries 
were used for the implementation, namely TIL-Suite 3.5 and TILMedia 
3.5 provided by TLK-Thermo GmbH [32,33]. TIL-Suite is a component 
library for steady-state and transient simulation of thermodynamic 
systems, while TILMedia provides methods and data for calculating the 
properties of thermophysical substances. The model considers the ef-
fects of liquid injection, leakage flows, and heat losses and is designed to 
investigate various arrangements of liquid injection and operating 
conditions. 

3.1. Description of the control volume 

The change in the boundaries (volume) of each CV occurs with time, 
often expressed as rotational angle of the male rotor. Thereby, the total 
rotation time/angle that one cavity undergoes during a complete 
compression cycle depends on the length and pitch of the rotors. This is 
applied from the beginning of the suction phase to the end of the 
discharge phase. When a CV enters the suction phase its volume in-
creases, while it decreases during the compression and discharge phases. 
The underlying volume alteration throughout an entire compression 
cycle is defined by the compressor’s geometry. This is identical for all 
CVs but contains a time delay between individual CV. Thus, the leading 
cavity (e.g., CVj) can simultaneously undergo a volume reduction, while 
the trailing cavity (CVj-1) still undergoes a volume increase. Each CV is 
an open system with three inlet paths (suction, leak-in and liquid in-
jection) and two outlet paths (discharge and leak-out). Additionally, the 
system receives compression power from the rotor (Ẇcomp) and dissi-
pates heat to the compressor body and ambient (Q̇loss). As a result, 
pressure, temperature, mass, internal energy and NH3 mass fraction 
differ in each CV at any point in time. Fig. 3 illustrates the simplified 
mass and energy balance associated with each CV. 

3.2. Basic equations for the control volume 

Based on a set of differential equations for the conservation of mass 
and energy, the model simulates the processes (heat and mass flow) of 
the twin screw compressor in each CV at any time. Since there are 
leakage flows and the cavities are periodically connected to suction, 
injection and discharge, the CV is treated as an open system which can 
be described by the first law of thermodynamics [35]. Neglecting kinetic 
energy and gravitational energy, and expressing the equations based on 
rotational angle of the male rotor (θ), the mass and energy balances can 
be expressed as [36,37]: 
d(m)

dθ
=

∑ dmin

dθ
−

∑ dmout

dθ
(1) Fig. 2. Temperature-NH3 mass fraction (T-x) diagram with bubble point and 

dew point lines for NH3-H2O mixture at different pressure levels. 
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d(mx)

dθ
=

∑ dmin

dθ
xin −

∑ dmout

dθ
xout (2)  

d(mu)

dθ
=

∑ dmin

dθ
hin −

∑ dmout

dθ
hout +

dWcomp

dθ
−

dQloss

dθ
(3) 

where m is mass, x is NH3 mass fraction, u is specific internal energy, 
h is specific enthalpy, W is compression work and Q is heat between the 
working fluid and compressor body. As the working fluid is a mixture, 
Eq. (2) is required in addition to Eq. (1) to determine the composition of 
the mixture. At an angular velocity of ω = dθ/dt, the equations can be 
formulated as [30]: 

ω
d(m)

dθ
=

∑

ṁin −

∑

ṁout (4)  

ω
d(mx)

dθ
=

∑

ṁinxin −

∑

ṁoutxout (5)  

ω
d(mu)

dθ
=

∑

ṁinhin −

∑

ṁouthout + Ẇcomp − Q̇loss (6) 

With the compression power expressed as: 

Ẇcomp = −ωp
dV

dθ
= − p

dV

dt
(7) 

where p is pressure in the CV and dV/dt is the time derivative of the 
cavity volume. For this investigation, a mechanical efficiency of 100 % is 
assumed and friction losses as a function of the compression power and 
rotation speed are neglected. The temperature of the working fluid is 
substantially higher than the temperature of the ambient air surround-
ing the compressor. Therefore, heat losses to the compressor body and 
the ambient should be assessed. The heat transfer rate from the working 
fluid to the compressor body is determined as [38]: 
Q̇loss = αV2/3

(

T−Tbody

) (8) 
Where α is the heat transfer coefficient between working fluid and 

compressor body, V2/3 denotes the available heat transfer area of the 
cavity volume, T is the temperature of the working fluid, and Tbody is the 
average surface temperature of the compressor body. Determining the 
temperature of the compressor body is not trivial and is generally 
influenced by the heat transferred by the working fluid and additional 
factors such as mechanical heat losses. The temperature of the working 

fluid and the influence of other factors vary greatly along the length of 
the compressor during the compression process. However, the thermal 
conductivity of the compressor body made of steel is relatively high, and 
uniform temperature distribution can be simplified assumed. 

3.3. Determination of thermodynamic state properties 

By solving the mass and energy equations, the pressure, specific in-
ternal energy, and NH3 mass fraction of the NH3-H2O mixture are 
determined for each CV throughout the entire compression cycle 
continuously. With the assumption of liquid vapor equilibrium condi-
tions, the thermodynamic state properties of the NH3-H2O mixture in 
each CV were determined using the calculation procedures provided by 
the TILMedia library [33]. Here, pressure, specific enthalpy and NH3 
mass fraction are used as input parameters. By using the specific internal 
energy calculated from Eq. (6), the specific enthalpy in the CV can be 
obtained: 

h = u+
p

ρ
(9) 

where ρ is the density of the working fluid. The density is obtained 
from the TILMedia property calculation procedure [33] and with m =

ρV also utilized when calculating the total mass in the CV. 

3.4. Determination of flow rates 

As illustrated in Fig. 3, there are different paths through which the 
working fluid can flow throughout an entire compression cycle. The 
mass flow rates for the suction, discharge and leakage paths are deter-
mined using [39]: 
ṁ = Aeff •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 • ρ • Δp
√ (10) 

where Aeff is the effective flow area of the flow path in m2, ρ is the 
density of the working fluid upstream of the flow, and Δp is the pressure 
difference across the flow area. When calculating suction mass flow 
rates, for instance, Aeff represents the effective flow area of the suction 
port, ρ the density of the working fluid in the suction line, and Δp the 
pressure difference between the suction line and the connected CV. 
Thereby, Aeff varies with time as the CV goes through the suction phase, 
while it is set to zero during the compression and discharge phases. The 
same applies adjusted for the discharge path and phase. The 

Fig. 3. Simplified mass and energy balance associated with each control volume (). 
adapted from [34] 
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characteristics of the Aeff curves are dependent on the set built-in vol-
ume ratio (Vi) and are defined by the geometry of the respective ports 
and the rotor profile [40]. Contrary to the other paths, the injection mass 
flow rate is defined as a fixed value. The injection starts when a CV 
reaches the injection port location (θinj). It remains active until the 
trailing cavity reaches the injection port location, determined by the 
existing phase shift between the CVs. 

Occurring leakage flows within the compressor are considered by 
linking adjacent CVs. The leakage path represents the gap between the 
rotor tips and the compressor housing, as it is one of the paths with the 
greatest impact on compressor performance [41]. Here, Aeff depends on 
the length of the sealing line, and it is assumed to be directly propor-
tional to the cavity volume. Furthermore, it is assumed that the length of 
the sealing line between two adjacent CVs is determined by the smallest 
cavity volume at each point in time. Thus, the effective leakage area is 
calculated using the leakage area function as follows: 
Aeff,leak = Cleak • min

(

VCVj−1
,VCVj

) (11) 
where Cleak represents the leakage flow coefficient, an estimated 

constant ranging from 0 to 1 [m−1]. VCVj−1 and VCVj 
represent the 

adjacent trailing and leading cavity volumes behind and in front of the 
sealing line. 

3.5. Model parameter 

To perform the simulations in this investigation, the model input 
parameters listed in Table 1 were used to define the screw compressor 
model. 

The compressor model is divided into eight control volumes, 
resulting in a phase shift of 90◦ between each CV. It is assumed that for 
each CV the total rotation angle during a compression cycle (θcycle) is 
720◦. Under the assumption that the male rotor spins at an operational 
frequency (f) of 50 Hz, it takes 40 ms to complete one entire cycle. The 
displacement volume (Vdisp) is set to 335 cm3 with a νi =

(Vdisp/Vdis
) of 

3.65. The maximum effective flow areas are set at 50 cm2 for the suction 
path (Asuc) and 10 cm2 for the discharge path (Adis). Fig. 4 shows the 
volume evolutions for two adjacent CVs with 90◦ phase shift and the 
resulting effective flow area Aeff,leak of the leakage path through the gap 
between rotor tips and compressor housing using Eq. (11) with a Cleak 

value of 0.05 m−1. 
The evolution of the effective flow area Aeff depends on the smallest 

volume of the adjacent CVs. While one of the CVs remains in the 
compression phase (from Vdisp to Vdis) starting from state (1) and ending 
at state (2), an effective flow area exists, and leakage flow occurs. If both 
CVs are in the suction phase (from 0 to Vdisp) or discharge phase (from 
Vdis to 0), the respective path openings represent a much larger area, and 
the leakage area is set to zero. The same applies when the leading CV 
(CVj) enters the suction phase, since the CVs are on opposite sides of the 
compressor and there is no leakage connection between them. 

3.6. Simulation setup 

The developed screw compressor model can be used as a stand-alone 
model or integrated into a larger system model. For this study, the model 
was used as stand-alone and connected with boundaries defining the 
conditions for suction, injection, and discharge ports. Each boundary is 
defined by three parameters: pressure, temperature and NH3 mass 
fraction. Fig. 5 illustrates the simulation setup with the defined 
boundary conditions for the suction, injection, and discharge ports. 

The defined boundary conditions are based on the expected oper-
ating conditions for the screw compressor in the ACHP system (see 
Section 2). The desorber and absorber pressures are assumed to be 5 bar 
and 25 bar, respectively, corresponding to the suction (psuc) and 
discharge (pdis) pressure of the compressor model. The NH3 mass frac-
tion of the rich solution is set to 0.7 with a temperature of 55 ◦C in the 
liquid–vapor separator. In liquid–vapor equilibrium, this results in the 
NH3 mass fraction of 0.985 in the vapor phase (xsuc). The injection 
boundary pressure, pinj, is set to the high-pressure side of 25 bar and the 
injection temperature, Tinj, to 55 ◦C. During injection, an adjustment 
with the prevailing pressure in the CV takes place. Thus, the injection 
pressure at the respective injection port is adjusted depending on the 
positioning. The NH3 mass fraction of the injected liquid, xinj, is defined 
as variable (var.) since simulations with varying values are to be per-
formed. The values for Tdis and xdis of the discharge boundary are the 
result of the compression in the compressor model. In addition to the 
model input parameters given in Table 1, values for Cleak, the injection 
angle (θinj) and the injection mass flow rate (ṁinj) were defined and 
varied to perform the simulations. 

3.7. Model validation 

The purpose of the present study is to improve and discuss the un-
derstanding of the thermodynamic behaviour of an oil-free twin-screw 
compressor with NH3-H2O mixture as refrigerant and liquid injection 
during the compression process. Achievable efficiencies and other per-
formance parameters are influenced by occurring leakages, mechanical 
losses, and heat losses, and other component and/or operation specific 
parameters. These are difficult to predict without detailed data on the 
geometry and operational performance and require experimental in-
vestigations. Since this study is a preliminary theoretical investigation 
without an existing prototype and detailed experimental data for vali-
dation, a component-based validation is performed to verify the reli-
ability of the achievable results. 

For this, the component models used in the developed model are 
checked and validated with respect to their physical and thermodynamic 
properties and reliability. The TILMedia 3.5 library [33] provides the 
determined thermo-physical properties of the investigated NH3-H2O 
mixture for each time point. The operating parameters are within the 
valid working range and can therefore be assumed to be sufficiently 
accurate. Further, TIL-Suite 3.5 [33] model components such as ports 
were utilized, which are commonly used and provide reliable results. 
Smitt et al. [42] used these libraries for a variety of components to study 
integrated energy systems and obtained less than 10 % deviation from 

Table 1 
Model input parameter used.  

Parameter # of CV θcycle f Vdisp νi Asuc Adis 

Value 8 720◦ 50 Hz 335 cm3 3.65 50 cm2 10 cm2  

Fig. 4. Evolution of cavity volumes of two adjacent CVs and resulting effective 
flow area of the implemented leakage path through the gap between rotor tips 
and compressor housing. 
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the experimentally determined readings. Chamoun et al. [30] used a 
Modelica-based model for the comprehensive analysis of an experi-
mentally tested twin screw compressor. Although no explicit validation 
of the model results was performed, it can be assumed that the deviation 
of the simulation results was within an acceptable range. 

Occurring flow rates are implemented using Eq. (10), which is widely 
used for investigations of this phenomena in screw compressors [38,39]. 
Required area functions for inlet and outlet ports in this study are 
defined following the extensive investigation by Zaytsev [13]. The same 
applies to the implemented leakage flows, which are calculated using 
Eq. (11). The curves of the cavity volume and the resulting effective flow 
area are shown in Fig. 4 and are comparable to the results presented by 
Zaytsev [13]. For the implemented control volume, homogeneous 
pressure and liquid–vapor distribution are assumed, and mechanical 
losses are neglected. With these assumptions, the compression process in 
the CV can be compared with isentropic compression and for a case 
without leakage and liquid injection compared with adiabatic 
compression. In this context, the obtained results are presented and 
discussed in the next section. 

4. Results and discussion 

The aim of this study was to investigate the effects of different pa-
rameters on the compressor’s discharge temperature and pressure, and 
compression power throughout the compression process. The discharge 
temperature of the compressor was identified as the main constraint for 
the ACHP system in achieving higher heat sink temperatures and system 
efficiency. For this, the examined results focus on one control volume 
passing through an entire compression cycle. 

4.1. Leakage flow coefficient 

Internal leakage influences the performance of screw compressors 
[13,41]. It is therefore essential to apply an appropriate value for the 
leakage flow coefficient, Cleak, in the model. Simulations were performed 
with varying Cleak values ranging from 0 m−1 to 0.1 m−1 without liquid 
injection (ṁinj set to 0). Fig. 6 presents the resulting pressure evolution 
throughout a whole compression cycle of a CV in a pressure–volume 
diagram. 

The pressure curves indicate that increasing Cleak values accelerate 
the pressure evolution, as reflected by higher pressures at a respective 
volume. Moreover, it results in higher degree of over-compression at the 
end of the compression phase when reaching the discharge port and 
increases the required compression power. With further increasing of 
leakage (Cleak > 0.1 m−1), over-compression is decreasing and even 

under-compression can be observed, due to excessive backflow of 
working fluid at a fixed built-in volume ratio (not shown at Fig. 6). At 
the same time, high leakage increases the discharge temperatures, as 
heated vapor flows back from volume cavities at higher pressure levels 
towards the suction port and is partly re-compressed. The maximum 
temperature reached 243 ◦C at Cleak of 0.1 m−1, and it was 40 K higher 
when compared with the ideal case without leakage. The pressure curve 
without leakage (Cleak = 0.0 m−1) and with no liquid injection can be 
used as a reference for adiabatic compression since other losses are 
neglected. The plotted curve patterns are qualitatively comparable with 
other literature results [15]. 

During the suction phase, leaking vapor occupies a fraction of the 
available suction volume, thus decreasing the volumetric efficiency 
occurs. With a Cleak value of 0.1 m−1, the reduction in volumetric effi-
ciency was calculated at 13 %. Fleming and Tang (1995) [41] stated that 
the implemented leakage path between the rotor tips and the 
compressor housing contributes to a 2 % to 3 % reduction in volumetric 
efficiency compared to a scenario without leakage. An equivalent result 
can be obtained with a value of Cleak between 0.025 m−1 and 0.035 m−1. 
However, to compensate for the additional reductions in volumetric 
efficiency caused by leakage paths other than those considered in the 
model, a Cleak value of 0.05 m−1 was used for the further investigation of 
liquid injection. This leads to a reduction in volumetric efficiency of 
about 5 % compared to the ideal case without leakage. 

Fig. 5. Simulation setup of the screw compressor model with defined boundary conditions.  

Fig. 6. Pressure-volume diagram for different Cleak values without liquid in-
jection (ṁinj = 0 kg/s). 
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4.2. Heat losses to compressor body and ambient 

The temperature of the working fluid in the CV rises significantly 
during the compression process, similar to the increase in pressure (see 
Fig. 6). Thus, there is a very large temperature difference between the 
working fluid and the ambient at the end of the compression phase, 
implying that large heat losses can occur. On the other hand, the volume 
of the compression cavity, and thus the available transfer area, decreases 
continuously towards the end of compression. These opposing trends 
lead to uncertainties on whether the heat losses to the compressor body 
and ambient have a significant impact on the compression parameters. It 
is often argued in the literature that the heat loss to the casing and the 
environment can be neglected because the heat transfer coefficient be-
tween the steam and the compressor casing is small [20]. Tian et al. 
[22], in their investigation of water-injected screw compressors, further 
specified that the cooling effect of the injected liquid has greater influ-
ence and heat losses to the ambient are neglected. 

To evaluate the effects of heat losses to the compressor body and 
ambient, an investigation was performed for a case without liquid in-
jection (ṁinj set to 0) and a Cleak value of 0.05 m−1, assuming a uniform 
Tbody value of 80 ◦C and a varying α value from 0 up to an unlikely high 
value of 5000 W/m2K. The achieved results revealed that the influence 
of heat losses is minimal, even with an unreasonably high value for α, 
such as 5000 W/m2K. The working fluid is slightly heated during the 

suction phase, and there is a slight cooling effect on the last section 
during discharge, but apart from this the temperature curves are almost 
identical. The same results are obtained for pressure and compression 
work. Change rates are below ± 1.0 % for the observed maximum 
values. Furthermore, as described by Stosic et al. [20], the temperature 
profile in an actual screw compressor is not uniform during operation 
and the temperature of the compressor body is higher on the discharge 
end compared to the suction end. Thus, it can be argued that the tem-
perature differences between the working fluid and the compressor body 
will be smaller, and less heat will be transferred than in the simulation 
when using an average body temperature. This strongly suggests that 
heat losses to the compressor body can be neglected in this study. 
Therefore, the α value is set to zero for the following simulations and 
heat losses are not considered. 

4.3. NH3 mass fraction of the injection liquid 

The NH3 mass fractions of the various streams in ACHP systems 
change depending on the design and operating conditions. To investi-
gate the effects on the compression process, the NH3 mass fraction of the 
injection liquid was varied from pure water (xinj = 0) to pure ammonia 
(xinj = 1) at a constant injection angle of 360◦ (beginning at the start of 
the compression phase and active for a rotational angle of 90◦) and in-
jection mass flow rate of 0.01 kg/s, corresponding to about 5 % of the 

Fig. 7. (a) Temperature and (b) vapor quality evolution for different xinj values at constant Cleak = 0.05 m−1, θinj = 360◦ and ṁinj = 0.01 kg/s.  
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compressor’s suction mass flow rate. Fig. 7 illustrates the temperature 
and vapor quality evolution for different ammonia-water solutions. 

The lowest discharge temperature was obtained when the injection 
liquid was pure water (xinj = 0), while the highest discharge tempera-
ture was obtained for pure ammonia (xinj = 1), Fig. 7a. Characteristics of 
the different curves were very similar, with a relatively low temperature 
rise during the first part of the compression phase. At a certain point, the 
gradient of the respective curve changes, and the temperature rises more 
sharply when the liquid fraction is fully evaporated. This inflection point 
occurred earlier for higher NH3 mass fraction of the injection liquid, and 
it resulted in higher discharge temperature as well. This can be 
explained by increased evaporation of liquid and differences in heat 
capacity and saturation temperature for different NH3 mass fractions of 
the ammonia-water mixture (see Fig. 2). Once the liquid injection stops 
and all remaining liquid is evaporated, the temperature increases 
sharply. 

The plotted evolution of the vapor quality, Fig. 7b, helps to under-
stand the temperature profile alteration shown on Fig. 7a. Except for 
pure ammonia, the vapor quality drops into the two-phase region when 
liquid is injected into the CV, but it immediately rises again after the 
injection stops and the volume is further compressed. The wet 
compression occurs in all such cases. The length of the wet compression 
strongly depends on the NH3 mass fraction in the injected solution: the 
longest wet compression was observed for pure water and none for pure 
ammonia. The NH3 mass fraction in the CV varies from 0.985 at suction 
and ranges between 0.941 and 0.987 at the discharge for pure water and 
ammonia, respectively. The extremums for temperature and pressure, 
and compression power are given in Table 2. 

The highest temperature, pressure and compression power were 
observed when injecting pure ammonia. The high temperature is 
beneficial for oil-free high temperature heat pumps; however, it can be 
limited by the material properties of the compressor. At the same time, 
for the investigated case, where the pressure in absorber was set to 25 
bar, the injection of pure ammonia resulted in the highest degree of 
over-compression, when compared with pure water. Due to this, an 
increased compression power was observed. 

4.4. Injection mass flow rate 

Previous results have indicated that remaining liquid in the CV 
(vapor quality less than 1) during the compression process influences the 
discharge temperature, degree of over-compression and compressor 
power. Therefore, it is expected that besides the NH3 mass fraction, the 
injected mass flow rate has a significant influence on the compression 
process. In the further investigation, the NH3 mass fraction of the in-
jection fluid is set to 0.4 and 0.7, respectively, which are feasible values 
for the lean and rich solution in the ACHP system. The injection mass 
flow rate varied from 0.00 kg/s to 0.02 kg/s at a constant Cleak value of 
0.05 m−1 and injection angle of 360◦. This corresponded to a range 
between 0 % and 10 % of the compressor’s suction mass flow rate. Fig. 8 
shows the temperature evolution for different liquid injection mass flow 
rates with NH3 mass fraction of 0.4. 

The results indicate a significant influence of the injection mass flow 
rate on the temperature evolution and maximum discharge temperature. 
The discharge temperature is the highest with zero injection and de-
creases with higher injection mass flow rates. The inflection point of 
temperature evolution was observed when the liquid fraction was fully 

evaporated. This trend was similar with the findings from Fig. 7a. With 
higher injection rates, the inflection point shifts towards the end of the 
compression phase. At an injection mass flow rate of 0.02 kg/s, wet 
compression occurs during the entire compression phase. With increased 
NH3 mass fraction of 0.7, complete wet compression occurs first at a 
value between 0.02 kg/s and 0.025 kg/s. The extremums for tempera-
ture and pressure, and compressor power for different injection mass 
flow rates with NH3 mass fractions of 0.4 and 0.7 are given in Table 3. 

The discharge temperature was influenced by the injected mass flow 
rates and solution mass fraction. The lowest discharge temperature was 
observed for injected mass flow rates of 0.02 kg/s and lean solution with 
NH3 mass fraction of 0.4. The injection of rich solution (xinj = 0.7) 
shows the same trend as lean solution, but discharge temperature, 
pressure and compression power were higher. The discharge NH3 mass 
fractions in the CV range from 0.985 to 0.937 and to 0.962 for injection 
mass flow rates from 0.0 kg/s to 0.02 kg/s with NH3 mass fractions of 0.4 
and 0.7, respectively. The increasing of the injected mass flows leads to 
under-compression within the CV when reaching the discharge port at a 
rotational angle of 605◦. As shown in Fig. 9, this can result in backflow 
from the discharge port into the CV, generating pressure and flow 
pulsation. 

Pressure and flow pulsation result in additional mechanical stress on 
the compressor and noise generation. To avoid over- or under- 
compression, an injection mass flow rate of approx. 0.01 kg/s for an 
NH3 mass fraction of 0.4 is recommended. Here, only the leakage flow 
into the trailing CV was compensated, but no excessive backflow into the 
CV was generated. With an NH3 mass fraction of 0.7, the recommended 
rate is between 0.01 kg/s and 0.015 kg/s. For application in the ACHP 
system, an optimization problem arises that must be solved depending 
on the specific operating conditions, considering all system parameters. 

4.5. Positioning of injection ports 

The influence of the position of the injection port was investigated. 
The injection angle (θinj) was set up at 360◦, 405◦, 450◦, 495◦ and 540◦. 
The injection mass flow rate was set to 0.01 kg/s with NH3 mass frac-
tions of 0.4 and 0.7. Fig. 10 shows the example of temperature evolution 
in relation to the injection angle. 

The increasing of the injection angle resulted in the increasing of the 
discharge temperature, discharge pressure and required compression 
power. That was true for both lean and rich solutions. The injection is 
characterised by the change of slope of the temperature increasing. The 
model indicated that wet compression occurs when the solution is 
injected at 360◦ and 405◦. For the injection at 360◦, this is clearly 
indicated by the temperature line inflection shown in Fig. 10. Further 
increase of the injection angle did not show the presence of the liquid 
fraction (vapor quality = 1) except at the injection point. This happens 
due to the high degree of superheat at an injection angle over 405◦. At 
the time, the cooling of the superheated gas before reaching the injection 
point was observed for all investigated cases. This was explained by the 
leakage of cooled gas towards the suction port. The injection mass flow 
rate of 0.01 kg/s at 360◦ and 405◦ did not provide wet compression for 
the whole length of the compressor, which means it is insufficient for 
good lubrication. The mass flow analysis revealed that the injection of 
0.01 kg/s does not generate backflow from the discharge port into the 
compression chamber, and under-compression was not observed for 
both the lean and rich solutions, irrespectively on the injection angle. 

Three different injection mass flow rates (0.01 kg/s, 0.015 kg/s and 
0.02 kg/s) were investigated with respect to the set injection angles. 
Increasing the injection mass flow rate lowers the discharge tempera-
ture, pressure, and compression power, as observed in Section 4.4. At 
the same time, the increase of the injection angle results in the decrease 
of the under-compression and backflow. For injection of lean solution, it 
was found that under-compression and backflow occurred with an 
injected mass flow rate of 0.015 kg/s for injection angles up to 450◦ and 
with 0.02 kg/s for injection angles up to 495◦. At an injection angle of 

Table 2 
Results for different xinj values at constant Cleak = 0.05 m−1, θinj = 360◦ and 
ṁinj = 0.01 kg/s.  

xinj[-] 0.0 0.25 0.5 0.75 1.0 
Tmax[◦C] 169.2 172.6 179.2 191.2 207.3 
pmax[bar] 25.82 25.96 26.24 26.85 27.65 
Ẇcomp[kW] 54.07 54.35 54.94 56.21 57.89  
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540◦, no under-compression and backflow were observed. For injection 
of rich solution, the under-compression and backflow with an injected 
mass flow rate of 0.015 kg/s occurred only for an injection angle of 360◦

and with 0.02 kg/s for injection angles up to 450◦. More detailed in-
formation is presented in Table 4. 

The analysis on the provision of wet compression revealed that 
higher mass flow rates are required for later injection positions. Wet 
compression was not observed for injection at 540◦, while in all other 
cases sufficient wet compression occurred at injection rates of 0.02 kg/s 
at the latest. As indicated in Fig. 10 and Table 4, injection at the 
beginning of the compression phase (360◦) shows the best effect on the 
resulting parameters. However, to ensure continuous wet compression 
throughout the entire compression phase, larger mass flow rates (min. 

0.02 kg/s corresponding to approx. 10 % of the compressor’s suction 
mass flow rate) must be injected. To limit a further increase in the 
required injection flow rate with the resulting effects such as increased 
under-compression and backflow, the distribution of the injection over 
multiple injection ports can be considered, as the single port solution 
becomes insufficient. Here, a portion of the solution is injected at the 
beginning of the compression phase at 360◦, with the remaining portion 
injected at a later stage to ensure continuous wet compression for suf-
ficient lubrication and sealing effects. 

An investigation with different injection positions (360◦, 450◦ and 
495◦) and mass flow rates was conducted to evaluate the distribution 
through two injection ports. The first injection was placed at 360◦, the 
only position capable of ensuring wet compression from the beginning of 
the compression phase. The second injection port was located either at 
450◦ or 495◦ to support continuous wet compression towards the end of 
the compression phase, see Fig. 10. Total injection rates of 0.01 kg/s, 
0.015 kg/s and 0.02 kg/s were distributed to both ports with varying 
injection flow ratios for each port in steps of 0.005 kg/s. The analysis for 
the case with injection ports located at 360◦ and 450◦ revealed that with 
increasing total injection rate, the discharge temperature, discharge 
pressure and compressor power decrease, as shown in Table 4. At the 
same time, the length of the occurring wet compression increases. 
Increasing the injected flow over the port at 450◦ (while keeping the 
total injection flow constant) resulted in slightly increased values for 
discharge temperature, discharge pressure, and compressor power 
compared to single port injection (see Table 4). Furthermore, a flat-
tening of the vapor quality curves was accompanied by a lower degree of 
under-compression and backflow when compared with single port in-
jection and increased injection flow at 360◦ (two port injection). The 
analysis for the case with injection ports located at 360◦ and 495◦

indicated a similar behaviour with slightly increased values for 
discharge temperature, discharge pressure and compression power. 
Unlike the previous case with the second injection at 450◦, it is impor-
tant to note that with a low injection rate of 0.005 kg/s at 360◦, no 
continuous wet compression was achieved with total injection rates of 
0.01 kg/s and 0.015 kg/s. Once wet compression stops, it is difficult to 
regain it at a later stage due to the increased temperature. Therefore, an 
attempt should be made to ensure continuous wet compression. Based 
on these results, it is suggested to split the injection over two ports 
located at 360◦ and 450◦, with the larger proportion of 0.015 kg/s (75 
%) injected through the port at 450◦. In this case, an injection flow of 
approx. 0.02 kg/s is still required for complete wet compression. How-
ever, the resulting pressure is around 0.01 bar higher, and less under- 

Fig. 8. Temperature evolution for different ṁinj values with xinj = 0.4 at constant Cleak = 0.05 m−1 and θinj = 360◦ .  

Table 3 
Results for different ṁinj values with xinj = 0.4 and 0.7 at constant Cleak = 0.05 
m−1 and θinj = 360◦ .  

ṁinj[kg/s] 0.0 0.005 0.01 0.015 0.02 
xinj = 0.4 

Tmax[◦C] 221.4 189.9 163.0 141.7 126.0 
pmax[bar] 27.99 26.76 25.95 25.71 25.55 
Ẇcomp[kW] 58.61 56.04 54.33 53.84 53.49 

xinj = 0.7 
Tmax[◦C] 221.4 196.2 173.3 153.3 136.7 
pmax[bar] 27.99 27.15 26.45 25.95 25.78 
Ẇcomp[kW] 58.61 56.85 55.38 54.33 53.97  

Fig. 9. Mass flow rate evolution for a CV during transition from compression to 
discharge phase for different ṁinj values with xinj = 0.4 at constant Cleak = 0.05 
m−1 and θinj = 360◦ . 
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compression and backflow will occur. 

4.6. Variation of compressor speed 

In the intended operation of a compressor in the ACHP system, the 
compressor speed will vary depending on the required operating con-
dition. As outlined in a review by Wang et al. [18], investigations in the 
literature show that changes in speed affect the different performance 
parameters of the compressor. To gain a better understanding of the 
achievable performance parameters at varying operating points of the 
compressor, the influence of the operational frequency was investigated. 
The operational frequency was set to 62.5 Hz (125 %), 50 Hz (100 %), 
37.5 Hz (75 %) and 25 Hz (50 %) with a constant Cleak value of 0.05 m−1 

and single-port injection at an injection angle of 360◦. The liquid in-
jection rate with respect to the specific compressor suction mass flow 
rate was varied from 0 %, 5 %, and 10 %, with NH3 mass fractions of 0.4 
and 0.7. 

The suction mass flow rate of the compressor for the ideal case 
without leakage (Cleak = 0.0 m−1) and no liquid injection (ṁinj set to 0) 
increases linearly with increasing operational frequency. Under 
consideration of internal leakage (Cleak = 0.05 m−1), the results revealed 
that a decrease in the operational frequency causes an increase in the 
occurring leakage flow. Due to reduced rotor speed, the residence time 
of the working fluid in the cavity volume during the compression process 
is extended, and leakages increase. Fig. 11 presents the achieved volu-
metric efficiencies compared to the reference case without leakage for 

the investigated operational frequencies and liquid injection flow rates 
corresponding to 0 %, 5 % and 10 % of the respective suction mass flow 
rates. 

The results demonstrate that the volumetric efficiency increases for 
higher operational frequencies. Moreover, the increase in the injection 
rate provides an improvement in the volumetric efficiency at constant 
frequencies. Here, the difference from 0 % to 5 % is larger than from 5 % 
to 10 %, indicating that the liquid has a positive effect on the occurring 
leakages, although there is a maximum possible value that can be 

Fig. 10. Example of temperature evolution for different θinj values with xinj = 0.4 at constant Cleak = 0.05 m−1 and ṁinj = 0.01 kg/s.  

Table 4 
Results for different θinj and ṁinj values with xinj = 0.4 and 0.7 at constant Cleak = 0.05 m−1.   

xinj = 0.4 xinj = 0.7 
θinj[◦] 360 405 450 495 540 360 405 450 495 540 

ṁinj = 0.01kg/s 

Tmax[◦C] 163.0 163.6 168.2 172.1 184.4 173.3 172.6 177.1 178.1 190.2 
pmax[bar] 25.95 26.02 26.70 26.78 27.09 26.45 26.49 26.90 26.92 27.22 
Ẇcomp[kW] 54.33 54.49 55.89 56.07 56.71 55.38 55.46 56.31 56.37 57.00 

ṁinj = 0.015kg/s 

Tmax[◦C] 141.7 141.5 143.7 147.9 167.1 153.3 154.3 156.6 160.2 175.5 
pmax[bar] 25.71 25.71 25.83 26.24 26.65 25.95 25.99 26.36 26.49 26.87 
Ẇcomp[kW] 53.84 53.82 54.08 54.94 55.79 54.33 54.42 55.18 55.46 56.25 

ṁinj = 0.02kg/s 

Tmax[◦C] 126.0 126.0 126.2 129.3 150.6 136.7 135.8 138.1 142.7 161.2 
pmax[bar] 25.55 25.56 25.62 25.80 26.23 25.78 25.76 25.84 26.11 26.46 
Ẇcomp[kW] 53.49 53.51 53.63 54.01 54.91 53.97 53.94 54.09 54.67 55.41  

Fig. 11. Volumetric efficiency for varying f and liquid injection flow rates from 
0 %, 5 % and 10 % with xinj = 0.4 at constant Cleak = 0.05 m−1 and θinj = 360◦ . 
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achieved. 
The same trends are observed for the other investigated parameters. 

The maximum temperature reached decreases for increasing operational 
frequencies from 238.9 ◦C at 25 Hz to 218.3 ◦C at 62.5 Hz with no in-
jection. When the injection rates are increased to 5 %, both the 
respective temperatures and the total variation decrease (174.1 ◦C at 25 
Hz and 161.6 ◦C at 62.5 Hz). At an injection rate of 10 %, full wet 
compression is achieved for all cases studied, and the temperatures are 
greatly reduced to 130.5 ◦C at 25 Hz and 125.8 ◦C at 62.5 Hz. Therefore, 
to obtain the same temperature as in cases with higher operational 
frequency, a higher injection ratio is required. The same beneficial 
impact of the injection is observed for the changes in the maximum 
pressure (from 28.08 bar to 26.14 bar to 25.71 bar at 62.5 Hz and from 
27.53 bar to 25.61 bar to 25.24 bar at 25 Hz), and the maximum 
required compression power (from 73.79 kW to 68.42 kW to 67.28 kW 
bar at 62.5 Hz and from 28.82 kW to 26.81 kW to 26.42 kW at 25 Hz), 
with the lowest values are obtained with 10 % injection rate. 

The determination of isentropic and adiabatic efficiency for the 
comparison and evaluation of the achieved efficiency is complicated in 
the present study. Due to the liquid injection, a continuous heat transfer 
takes place, which is often solved by splitting the compression process, 
as described by Tian et al. [22] and Di et al. [43]. However, the NH3 
mass fraction also changes continuously, complicating the calculation 
and making comparison difficult. For this reason, the specific power is 
calculated as the ratio of the maximum total compression power to the 
suction mass flow rate. Fig. 12 shows the determined specific power for 
the investigated operational frequencies and liquid injection flow rates 
corresponding to 0 %, 5 % and 10 % of the respective suction mass flow 
rates. 

The results indicate that the specific power required for compression 
decreases as the operational frequency increases. In addition, a higher 
injection rate ensures a further reduction in specific power. Here, the 
characteristics are similar to the previously described trends. It can be 
concluded that the injection rate and ratio must be adapted and 
controlled according to the compressor speed. These observations are 
consistent with the results presented in the literature by various authors 
such as Tian et al. [22], Wang [39] and Li et al. [44]. 

4.7. Discussion of results and model limitations 

The results and model limitations are discussed with respect to the 
conducted investigation of the liquid injection for an oil-free twin screw 
compressor within the ACHP system. The objective of the developed 
MODELICA screw compressor model was to improve the understanding 
of thermodynamic behaviour during the compression process using 
NH3-H2O mixture as refrigerant and liquid injection with varying NH3 
mass fractions. The preliminary analysis indicated that both desorption 
of ammonia from the liquid phase and full evaporation are achievable, 

irrespective of the subcooled state of the injected lean or rich solution. 
The developed model consists of moving control volumes containing 

the working fluid in liquid vapor equilibrium and performing the 
compression process without mechanical losses. To consider occurring 
leakages across the rotor tips and housing, a function was implemented, 
and a leakage coefficient (Cleak) was defined. The analysis with different 
values indicated the influence on the pressure evolution and resulting 
over- or under-compression. A suitable value of 0.05 m−1 was selected 
for the further investigation to also consider additional losses of other 
leakage paths. Heat losses to the compressor body and ambient were not 
considered for further investigations after assessing their influence. 

The study of the NH3 mass fraction revealed that a reduction in the 
ammonia content resulted in decreasing values for discharge tempera-
ture, discharge pressure and compression power at a constant injection 
mass flow rate. It was demonstrated that the presence and duration of 
wet compression (for lubrication and sealing of the compressor) are a 
function of the NH3 mass fraction of the injected solution. The best re-
sults were obtained with pure water, and it is therefore preferable to 
inject a solution with low NH3 mass fraction, such as the lean solution in 
the ACHP system. 

The investigation of the injection mass flow rates demonstrated that 
wet compression throughout the whole compression phase is possible 
with an increase in the injection quantity. However, if the injection flow 
becomes too large, negative effects such as under-compression and 
backflow from the discharge port will occur. At constant injection flow 
rates, these effects are less significant with an increased NH3 mass 
fraction. An optimum of 0.01 kg/s for the lean solution and between 
0.01 kg/s and 0.015 kg/s for the rich solution was determined. 

The positioning of injection ports revealed a strong influence on the 
results obtained. Wet compression was observed with an injection flow 
of 0.01 kg/s for injection at 360◦ and 405◦. However, this did not occur 
for the entire compression phase. For this injection rate, no under- 
compression or backflow was observed for both lean and rich solution. 
To achieve complete wet compression, larger injection flows up to 0.02 
kg/s are required, corresponding to approx. 10 % of the compressor’s 
suction mass flow. At the same time, the provision of complete wet 
compression through the injection at 360◦ with 0.02 kg/s led to the 
highest under-compression and backflow from the discharge port. The 
split of two injection ports was investigated to evaluate further options 
to ensure continuous wet compression. It was found that injection at 
360◦ and 450◦ with a higher injection rate of 0.015 kg/s (75 % of total 
injection) at 450◦ leads to higher pressures of 0.01 bar with a reduction 
in occurring under-compression and backflows. The analysis of varying 
compressor speed revealed that leakage flows increase at reduced 
operational frequency. This results in an increased temperature and 
higher required liquid quantities. It can be concluded that the injection 
rate must be adapted to the respective operating conditions. 

For the comprehensive evaluation of the obtained results, the given 
model limitations are addressed and discussed. Occurring leakages, 
mechanical and heat losses, and other component and/or operation 
specific parameters are difficult to predict without detailed geometry 
and data and often require experimental investigations. The imple-
mented model of leakage allows to understand and adjust different 
leakage paths and their geometries. At the same time, the absence of a 
specific liquid film due to the homogeneous vapor–liquid equilibrium 
approach of each CV hampers the accurate determination of occurring 
leakage flows and achievable efficiencies. Since the compressor effi-
ciencies were not a primary concern in this study, the assumption of 100 
% mechanical efficiency is reasonable. However, this assumption ne-
glects the fact that mechanical losses under real conditions can influence 
the temperature evolution of the working fluid by generating heat and 
thus effect all other operational parameters. This may be compensated 
for to some extent, as additionally counteracting heat losses to the 
compressor body were not considered. 

The solution is injected in a highly supercooled state and the time to 
achieve eventual liquid–vapor equilibrium becomes extremely limited 

Fig. 12. Specific power (compression power to compressed working fluid flow) 
for varying f and liquid injection flow rates from 0 %, 5 % and 10 % with xinj =

0.4 at constant Cleak = 0.05 m−1 and θinj = 360◦ . 
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due to the high rotational speeds and relatively short residence time. 
Furthermore, the liquid–vapor surface area is further reduced due to 
imperfect dispersion without the use of atomizing nozzles or similar 
devices. Forces resulting from the rotational motion of the rotors cause 
the liquid droplets to move toward the rotor tips and/or the compressor 
housing, which impedes uniform dispersion. All these factors can 
hamper substantial heat and mass transfer under real operating condi-
tions, resulting in the presence of simultaneously remaining liquid in the 
CV despite superheated vapor being present. Compared to this, the 
assumption of liquid–vapor equilibrium with homogeneous distribution 
in the CV can lead to an overestimation of the pressure and an under-
estimation of the temperature evolution. Due to these known limitations 
and further unknown uncertainties, the results are considered as a kind 
of best-case analysis. 

5. Conclusion 

The objective of this study was to develop an oil-free twin screw 
compressor model with NH3-H2O mixture as refrigerant and liquid in-
jection to improve the understanding of thermodynamic behaviour 
during the compression process and to discuss the integration into the 
ACHP system. The preliminary thermodynamic analysis indicated that 
both desorption of ammonia from the liquid phase and full evaporation 
are achievable during the compression process with liquid injection, 
irrespective of the subcooled state of the injected lean or rich solution. 
For a comprehensive investigation, a quasi-one-dimensional numerical 
model was developed using the Modelica language that considers the 
effects of liquid injection, leakage flows, and heat losses. The model was 
designed to investigate various arrangements of liquid injection and 
operating conditions and consists of eight control volumes moving in a 
continuous compression cycle, containing the working fluid in liquid 
vapor equilibrium. It is suitable for both transient and steady-state 
analysis and was used to study the effects of varying NH3 mass frac-
tions, injection amounts and injection positions during the compression 
process. 

The analysis of the obtained results revealed a strong influence of the 
investigated parameters on the compression process and the evolution of 
temperature, pressure, and compression power.  

• For the application in the ACHP system, it was concluded that the 
injection of solution with a low NH3 mass fraction (see Fig. 1 - Option 
1: Injection of lean solution) should be preferred. It was observed 
that a lower NH3 mass fraction resulted in decreased discharge 
temperature, discharge pressure, and compression power. The lowest 
values were obtained for the injection of pure water. High temper-
ature is generally beneficial for oil-free high temperature heat 
pumps; however, it can be limited by the material properties of the 
compressor. 

• With the injection of 0.01 kg/s (about 5 % of the compressor’s suc-
tion mass flow rate) of lean solution, the temperature was sufficiently 
reduced, and the pressure evolution was adapted to the externally 
applied pressure ratio. Thereby, under-compression and backflow 
from the discharge were minimized, which is important for the 
efficient and sustainable operation of the compressor.  

• Wet compression was observed during the injection at the beginning 
of compression but was not continuous throughout the entire 
compression phase. To ensure a continuous liquid film that provides 
sufficient lubrication and sealing throughout the compression pro-
cess, the injection rate must be increased to about 10 % of the 
compressor’s suction mass flow rate (0.02 kg/s).  

• When injecting through a single port, full wet compression was 
observed only when injected at 360◦ (at the beginning of the 
compression phase), regardless of the injection rate. Thus, the 
placement of one port at 360◦ is important for ensuring a continuous 
liquid film.  

• To further optimize the achievable results, injection through an 
additional port in the mid-compression phase (450◦ or 495◦) was 
investigated. Compared to the single-port injection, the distribution 
over two injection ports, with the smaller portion (approx. 25 %) 
injected at 360◦ at the beginning of the compression process and the 
greater portion (approx. 75 %) injected at 450◦, can support the 
provision of wet compression and reduce occurring under- 
compression. 

• An investigation with varying compressor speed revealed the influ-
ence on the investigated compressor parameters. It was concluded 
that the injection rate and ratio must be adjusted and controlled to 
achieve identical temperatures depending on the operating point. 

The limitations of the existing model due to the assumptions for the 
working fluid in each control volume with homogeneous behaviour and 
liquid vapor equilibrium, as well as the simplified representation of 
leakage paths and other losses were discussed. Due to these known 
limitations and further unknown uncertainties, the results are consid-
ered as a kind of best-case analysis. However, the conducted investiga-
tion fulfils the purpose to provide information about the expected 
behaviour and the preferred integration into ACHP systems. Further-
more, it provides results for the lowest required injection mass flow and 
the distribution of injection positions to improve the planning of 
necessary experimental investigations. The adaptability of the model 
also provides a comparatively simple increase in the degree of detail for 
further investigations. 

Further research will focus on the experimental investigation and 
realization of oil-free operation by lubricating and cooling the bearings 
with the injected solution. This can be supported by a comprehensive life 
cycle assessment to investigate how the use of more specialized mate-
rials like oil-free bearings and more advanced sealings compares to a 
potential complete elimination of lubrication oil and oil separation 
equipment. Furthermore, an exergy analysis can be conducted to 
investigate the influence on the overall ACHP system performance. 
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