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Abstract 

This paper studies the part load behavior and capability of a high temperature heat pump that operates with the 
Brayton cycle. A novel concept of a high temperature heat pump which is currently under construction in 
Cottbus (Germany) is presented. It goes far beyond temperature levels of current high temperature heat pumps 
and will provide process heat at above 250 °C. The heat pump uses a closed Brayton cycle driven by axial 
turbomachinery and provides up to 200 kW of thermal energy. The thermal output can be adjusted by variation 
of compressor shaft speed, use of internal recuperation and additionally by variation of the fluid inventory. 
The latter allows operation of our prototype within a broad part load range down to 25 % of the nominal power 
at nearly constant efficiencies and output temperatures. Brayton cycle heat pumps can be adapted to a wide 
range of industrial processes and enable highly efficient thermal energy storage systems to balance grid 
fluctuations. 
 
Keywords: high temperature heat pump; reverse Brayton cycle; fluid inventory control; process heat; electrification 

1. Introduction 

Industrial processes account for about 25 % of the primary energy used and 20 % of greenhouse gas 
emissions in the EU-28 countries. Two thirds of this energy are used to meet the process heat demand [1]. 
Together with space heating in domestic and industrial applications heating and cooling account for 51 % of 
the final energy consumption in Europe [2]. Current technology relies mainly on fossil fuels such as coal, 
natural gas and petroleum products [3]. In order to transition to a climate-neutral economy by 2050 which is 
the declared goal of the European Union [4] all these heat requirements must be met by net zero carbon 
technologies within 30 years. Heat pumps have been identified as a key technology towards this goal [5]. 

When using electricity from conventional fossil sources, power to heat technologies are only interesting if 
either highly efficient or in applications where combustion and emissions are undesired. Otherwise, the losses 
and the complexity of two conversions from fuel to electricity to heat can hardly be justified. Therefore, 
conventional heat pumps for low temperature applications such as domestic warm water and space heating are 
the only field where heat pumps find widespread use as of now [6]. 

Heat pumps are an important component in energy storage concepts and a possible power-on-demand tool 
in a more flexible energy system [5, 7, 8]. Efficient part load operation increases the grid balancing capability 
of heat pumps and is also a selling point for heat pumps in industrial processes where they compete with boilers. 
Variation of the working pressure is a common tool for changing the power level of a thermodynamic cycle 
process without having to adapt the geometry [9, 10]. In this paper, the part load capability of a closed loop 
Brayton cycle heat pump using fluid inventory control is analyzed. 

 
 

Table 1 shows different technologies to electrify process heat demand. They all rely on renewable electricity 
which must be generated emission-free in order to reach a climate-neutral economy. 

                                                           
1 Corresponding author. Tel.: +49 30 67055 8155; E-mail address: johannes.oehler@dlr.de 
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Using resistance heating one unit of electrical power is converted to the same amount of thermal energy. 
When burning substitute natural gas (SNG) or green hydrogen, conversion losses cannot be avoided [11]. Less 
than one kWh of process heat is generated per kWh of renewable electricity used. With heat pump technology, 
it is possible to convert one unit of renewable electricity into several units of usable thermal energy. In order 
to decarbonize process heat demand efficiently, heat requirements at low temperature levels should be met 
with emission-free technologies first. Process heat at high temperature levels needs a larger investment of 
renewable electricity per energy unit of heat which can be seen from the low conversion ratio in high 
temperature applications (see Table 1). Rehfeldt et al. [3] show that a relevant portion of process heat is 
required at temperature levels from 100 °C to 500 °C. 
Heat pumps for sink temperatures of up to 160 °C are already available on the market [6]. The feasibility of 
heat pumps with sink temperatures as high as 280 °C [12] and 465 °C [7] has been proven utilizing currently 
available compressor technology. Zühlsdorf et al. [12] suggest a reverse Brayton or Rankine cycle for heat-
pumps with very high sink temperatures (> 250 °C) and suggest that coefficients of performance (COP) of 
nearly two are possible. The German Aerospace Center’s (DLR) Institute of Low-Carbon Industrial Processes 
is currently constructing prototype heat pumps with sink temperatures above 250 °C researching both Rankine 
and Brayton cycle technology. This paper focuses on the reverse Brayton cycle. 
 
Table 1: Overview of power to heat technologies for process heat demand 

Technology Temperature level Conversion ratio from net 
electrical power (COP for 
heat pumps) 

Heating demand for 
industrial processes 
in Europe [3]** 

Green hydrogen only material limit 70% [11] 3726 PJ 

(> 500 °C) 
Green gas (SNG) only material limit 55% [11] 

Resistance heating At least 850 °C [13] <100 % 

Ultra-high temperature heat pump 250-500 °C 130-200 %* [7] [12]  2542 PJ 

(100 – 500 °C) High temperature heat pump 100-160 °C 200-500 %* [6] 

Conventional heat pump 20-100 °C 300-600%* [6] 821 PJ (<100°C) 

* Conversion ratio strongly depends on heat source temperature 
** numbers for EU-28 plus Norway, Switzerland and Iceland in 2012, heat demand for space heating not included 

2. Thermodynamics of high temperature heat pumps 

The reversed Brayton and Rankine cycles are the thermodynamic models of the most commonly used closed 
cycle compression heat pumps. The Rankine process is preferred in refrigeration and heat pump processes in 

Nomenclature 
Abbreviations 𝑛𝑛 Reynolds dependency of losses [-] 
DLR German Aerospace Center 𝑃𝑃𝐶𝐶  Compressor power [W] 
FI Fluid inventory 𝑃𝑃𝑇𝑇  Turbine power [W] 
FIC Fluid inventory control 𝑝𝑝 Total pressure [Pa] 
GTlab Gas Turbine Laboratory 𝑄̇𝑄 Heat flow [W] 
HT High temperature 𝑞𝑞𝑐𝑐 Specific heat absorbed at heat source [J/kg] 
HTHE High temperature heat exchanger 𝑞𝑞ℎ Specific heat provided at heat sink [J/kg] 
HTHP High temperature heat pump 𝑅𝑅𝑅𝑅 Reynolds number [-] 
LT Low temperature 𝑇𝑇0 Heat source temperature [K] 
LTHE Low temperature heat exchanger 𝑇𝑇1 Compressor inlet temperature [K] 
NTU Number of transfer units 𝑇𝑇2 Compressor outlet temperature [K] 
PTC Performance Test Code 𝑇𝑇3 Turbine inlet temperature [K] 
SSC Shaft speed control 𝑇𝑇4 Turbine outlet temperature [K] 
  𝑤𝑤 Specific work [J/kg] 
Variables 𝑉𝑉 Volume [m³] 
𝑎𝑎 Fraction of Reynolds independent losses [-] 𝛥𝛥𝛥𝛥 Pressure drop [Pa]  
𝐴𝐴 Flow area [m²] 𝜁𝜁 Loss coefficient [-] 
𝑐𝑐 Flow velocity [m/s] 𝜂𝜂 Efficiency [-] 
𝐶𝐶𝐶𝐶𝐶𝐶 Coefficient of performance [-] 𝜂𝜂𝑡𝑡ℎ Thermal efficiency [-] 
𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  Fluid mass [kg] 𝜅𝜅 Isentropic exponent [-] 
𝑚̇𝑚 Mass flow [kg/s] 𝜌𝜌 Density [kg/m³] 
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the temperature range from -40 °C to 160 °C [6, 14]. It makes use of the phase transition of its working fluid 
(refrigerant) but is for this reason limited by the physical properties of the refrigerant. The Brayton-process 
has no phase transition and no temperature limit if air or noble gas is used as a working fluid. 

2.1. Brayton process 

The Brayton process models a gas turbine process. Operating it reversely (counterclockwise) turns it into a 
heat pump [14]. Isentropic compression (𝑇𝑇1  → 𝑇𝑇2) happens at a higher temperature level than isentropic 
expansion (𝑇𝑇3→ 𝑇𝑇4). Sensible heat 𝑞𝑞ℎ is provided during an isobaric state change between temperatures 𝑇𝑇2 
and 𝑇𝑇3. The cycle absorbs sensible heat 𝑞𝑞𝑐𝑐 from the environment in an isobaric state change from 𝑇𝑇4 to 𝑇𝑇1. 
𝑇𝑇1 is therefore limited to the temperature of the heat source 𝑇𝑇0. 

 

 

Figure 1: Temperature-entropy diagram of the Brayton cycle (left) and effect through variation of pressure ratio, 
recuperation or fluid inventory control adapted from [9, 14] (right) 

The power turnover of a Brayton cycle can be changed in two ways. By changing the similarity parameters 
of the cycle and thereby the specific work 𝑤𝑤  or by varying the amount of working fluid exercising the 
thermodynamic process. Changing the pressure ratio or introducing recuperation affects the temperature levels 
and the area inside the loop process which represents the specific work 𝑤𝑤 (see Figure 1). With means of fluid 
inventory control, the process can be shifted sideward in the T-s diagram. When shifted to the right to lower 
pressure isobars the specific work and temperatures remain constant but the amount of working fluid is reduced. 
The total power as product of specific work and mass flow is also decreased. Fluid inventory control therefore 
enables part load operation at constant process temperatures. 

2.2. Coefficient of performance 

The coefficient of performance (COP) of heat pumps is defined as the ratio between heat delivered from 
the cycle to the heat sink 𝑞𝑞ℎ and work consumed in the thermodynamic cycle process 𝑤𝑤. The COP is the 
inverse of the thermal efficiency 𝜂𝜂𝑡𝑡ℎ of the equivalent thermal engine [14]. 

 
𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑞𝑞ℎ

𝑤𝑤 = 1
𝜂𝜂𝑡𝑡ℎ

(1) 

For the ideal Brayton cycle with constant isentropic exponent 𝜅𝜅 the specific work 𝑤𝑤 can be expressed as 
the difference between heat provided 𝑞𝑞ℎ  and heat absorbed 𝑞𝑞𝑐𝑐  and COPBrayton is a sole function of the 
compressor inlet temperature 𝑇𝑇1 and the compressor outlet temperature 𝑇𝑇2 [14]. 

 

𝐶𝐶𝐶𝐶𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑞𝑞ℎ
𝑤𝑤 = 𝑞𝑞ℎ

𝑞𝑞ℎ − 𝑞𝑞𝑐𝑐
= 𝑇𝑇2
𝑇𝑇2 − 𝑇𝑇1

(2) 

High values of 𝑇𝑇1  increase COPBrayton , but 𝑇𝑇1  is limited to the temperature 𝑇𝑇0  of the available heat 
source which can be ambient temperature or an exhaust air stream. It is visible from Eq. (2) that the COP 
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decreases with a rising heat sink temperature level and approaches the value of direct electrical heating 
𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑ℎ = 1 for very high 𝑇𝑇2. 

Figure 2 shows the COP levels of an ideal Brayton cycle heat pump as a function of 𝑇𝑇2 for different heat 
source temperatures 𝑇𝑇0 = 𝑇𝑇1. It shows clearly that the use of exhaust streams is an important aspect when 
increasing the energy efficiency of industrial processes. The trend of low COP for high sink temperatures also 
holds for Carnot or Rankine cycle heat pumps [6] and explains why high temperature heat pumps tend to have 
a lower COP than heat pumps for domestic purpose and low temperatures (see Figure 2 and Table 1). 

3. Technical specifications of the DLR-CoBra prototype  

With the construction of the prototype ‘CoBra’ (Cottbus Brayton-cycle heat pump) the German Aerospace 
Center (DLR) aims at researching the key parameters of a high temperature heat pump with air as working 
fluid. The high temperature heat pump is designed to provide up to 200 kW of useful heat at temperature levels 
above 250 °C [15]. Figure 3 shows a model of the heat pump with its most important components. The heat 
pump has a conditioning unit to control the amount of working fluid in the system consisting of a buffer storage 
and vacuum pump. Dry air will be used for safety reasons in the research environment. It is non-toxic and has 
zero global warming potential unlike other common refrigerants [6]. The air in the heat pump must be dried in 
order to prevent condensation and icing of the turbine at low temperatures. 

3.1. Working principle 

The compressor increases the pressure and temperature of the working fluid which is the equivalent to state 
change 1 → 2 of the reverse Brayton cycle (see Figure 1). The high temperature heat exchanger (HTHE) 
transfers heat to the secondary process which is simulating the industrial process that requires heat. In the 
turbine, the working fluid is expanded 3 → 4 and power is recovered. The low temperature heat exchanger 
(LTHE) simulates the heat source which can be ambient air or an exhaust gas stream at higher temperatures. 
The inlet temperature of the cooling cycle is set to 𝑇𝑇0=15 °C for all simulations. The low temperature 
secondary cycle can also be used for refrigeration at temperatures below 0 °C. The recuperator increases 
temperature lift at the cost of increased power consumption as shown in Figure 1. It allows to research different 
operation modes and temperature levels of the heat pump. 

Red lines indicate high pressure, blue lines indicate low pressure. Both are fully independent of the ambient 
air pressure. By filling more working fluid from the buffer storage into the primary circuit the overall pressure 
level, mass flow and power can be increased. This technique is called fluid inventory control and can be used 
in closed cycle Brayton engines without combustion [9]. The air buffer also accounts for leakages of the 
working fluid in the turbomachines and ensures a constant pressure level for repeatable operating conditions. 

Figure 2: Brayton-cycle COP for high compressor outlet temperatures 𝑇𝑇2 
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Figure 3: Simplified piping and instrumentation diagram of the Brayton cycle heat pump of the DLR Institute of Low-
Carbon Industrial Processes in Cottbus (Germany) 

3.2. Part load strategy 

In order to meet a reduced heat demand below nominal load, the heat pump can adjust the thermal output 
with two different control strategies: 

 Shaft speed control (SSC) 
 Fluid inventory control (FIC) 

Reducing the compressor shaft speed yields lower pressure and temperature ratios, lower mass flow and 
reduces the heat delivery of the heat pump. The compressor outlet temperature 𝑇𝑇2 is reduced (see Figure 1). 
Using fluid inventory control the temperature levels of the thermodynamic process can be kept constant at 
different load levels. Pradeep Kumar et al. [9] have shown for a closed Brayton cycle gas turbine that fluid 
inventory control as a part load strategy allows much higher efficiencies than changing temperature levels or 
bypassing parts of the gas stream. 

4. Methodology 

In order to simulate the part load performance of the heat pump, a thermodynamic performance model of 
the system has been developed. The performance model accounts for the effects that occur during part load 
operation of a closed-cycle heat pump system. The following subsections outline the methods used for the 
analysis. 

Simulations were mainly carried out on a system level. Detailed component simulations are not required to 
assess the system behavior and were left out of the present work. As the development of the heat pump and 
simulation tools progresses, higher-fidelity methods will be developed for more in-depth analyses. 

4.1. Heat pump cycle simulation 

The steady-state heat pump model on which the present analyses are based was created using the DLR in-
house performance code GTlab-Performance developed by Becker et at. [16]. In the 0D thermodynamic cycle 
simulation, the main components of the heat pump are represented as modules, which in turn model the changes 
of thermodynamic state in the working medium. 

For off-design calculations, a performance map of the compressor particularly developed for the CoBra 
prototype heat pump was used. The map is the result of detailed 3D CFD simulations of the flow in the 
compressor stages, which used the exact geometry of the blades. The turbine performance map was generated 
by scaling an existing turbine map of a gas turbine to match the turbine performance of the CoBra prototype 
based on 3D CFD simulation data computed with the preliminary turbine geometry. 

In order to estimate the transferred heat of the shell-and-tube heat exchangers, an approach based on the 
Number of Transfer Units (NTU) method has been implemented using correlations from VDI Heat Atlas [17]. 
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The heat transfer is calculated from the two inlet flows and the heat exchanger geometry and accounts for 
variations in similarity parameters such as Nusselt and Reynolds number. The thermodynamic cycle simulation 
is coupled with the heat transfer simulation in order to model the system behavior under different operating 
conditions. 

4.2. Pressure level estimation depending on fluid inventory 

A simplified heat pump model is used to calculate fluid mass on the high and low pressure side of the heat 
pump under stationary operating conditions. The volumes are mainly determined by the geometry of the heat 
exchangers and piping. The pipe volume is lumped to the heat exchangers. According to this, four volumes 
represent the heat pump components as shown in Figure 4. Due to their small size turbomachine volumes are 
neglected. Fluid mass is calculated using the semi-ideal gas model of GTlab-Performance, which provides 
values for density at the inlet and outlet stations of these volumes.  
 

𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  ∑  𝑉𝑉𝑖𝑖 𝜌̅𝜌𝑖𝑖

𝑛𝑛=4

𝑖𝑖 =1
(3) 

𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  is approximated with the approach shown in Eq. (3) by using the arithmetic mean value of densities 
𝜌̅𝜌𝑖𝑖 for each volume 𝑉𝑉𝑖𝑖. This method is coupled with the GTlab-Performance solver by an iterative correction 
of lower pressure level for a user-defined fluid inventory. At nominal load the total pressure at compressor 
inlet is set to the design value of 𝑝𝑝1,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 101325 𝑃𝑃𝑃𝑃. 
Part load operating conditions lead to a variation of compressor inlet flow conditions. Reducing compressor 
shaft speed shifts the operating point to lower pressure ratios, which in most cases induces rising lower pressure 
levels in hermetic systems. For system level simulations of Brayton cycle heat pumps, it can be important to 
consider this effect to correctly predict power input and operating limits. 

4.3. Pressure drop approximation at partial load 

In addition to the isentropic efficiency of turbomachines, pressure drop is a significant factor for the overall 
heat pump performance. In Brayton cycle heat pumps, the energy recovery of the turbine strongly depends on 
the pressure losses in the system. This effect is taken into consideration by a pressure loss coefficient ζi for 
each component: 
 

𝛥𝛥𝛥𝛥𝑖𝑖 = 𝜁𝜁𝑖𝑖
𝜌𝜌𝑖𝑖
2 𝑐𝑐𝑖𝑖

2 (4) 

Pressure drop is mainly driven by friction losses in heat exchangers, valves and piping. As the heat pump 
is still under development, not all component geometries and no experimental data are available. Therefore, a 
simplified approach is used to approximate part load pressure drop in this work. A reference pressure drop for 
the high and low pressure side of the heat pump is calculated for design operating conditions based on data 
from the component manufacturers. Pressure drop coefficient 𝜁𝜁 is considered to be constant because relevant 
Reynolds numbers are sufficiently high in all operating conditions (see Moody chart e.g. [17]). 
 

Figure 4: Heat pump component volumes for calculation of pressure levels 
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𝜁𝜁
2 𝐴𝐴2 = 𝛥𝛥𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟  

 𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟
𝑚̇𝑚𝑟𝑟𝑟𝑟𝑟𝑟

2 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. = 𝐶𝐶𝜁𝜁 (5) 

Off-design pressure drop is estimated by deriving the part load value from the reference state depending on 
actual mass flow and fluid density. This approach allows a calculation with the parameter set of the GTlab-
Performance model: 
 

𝛥𝛥𝛥𝛥 =  𝐶𝐶𝜁𝜁  𝑚𝑚
2̇

𝜌𝜌 = 𝛥𝛥𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟  𝑚𝑚2̇
𝑚̇𝑚𝑟𝑟𝑟𝑟𝑟𝑟

2  
𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟

𝜌𝜌 (6) 

According to the method introduced, pressure losses are approximated for each stationary operating point. 
On the high pressure side the resulting pressure drop is applied upstream of the turbine inlet and on low 
pressure side upstream of compressor inlet. 

4.4. Reynolds number effect on efficiency of turbomachinery 

In compressor and turbine maps, the effect of Reynolds number on the performance of turbomachinery is 
usually neglected. However, the increased kinematic viscosity at low Reynolds numbers results in additional 
losses or lower efficiencies. Multiple efficiency scaling correlations have been proposed to account for the 
Reynolds number effect. The general form of the efficiency correction follows [18]: 

 
1 − 𝜂𝜂

1 − 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟
= 𝑎𝑎 + (1 − 𝑎𝑎) ( 𝑅𝑅𝑅𝑅

𝑅𝑅𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟
)

𝑛𝑛
(7) 

In Eq. (7), the coefficient 𝑎𝑎 denotes the fraction of the losses that are independent of the Reynolds number. 
The exponent n is a measure for the Reynolds number dependence of the losses. The effect of Reynolds number 
on turbomachine efficiency is shown in Figure 5 for three commonly used correlations taken from Wiesner 
[18] . 

The ASME Performance Test Code 10 [19] provides Reynolds number correction correlations for axial and 
centrifugal compressors. Axial compressor efficiencies are assumed to scale only with the Reynolds number 
ratio, resulting in values of 𝑎𝑎 = 0 and 𝑛𝑛 = 0.2. Since experimental data of the turbomachines were not 
available at the time of this study, the coefficients proposed in ASME PTC-10 were applied for the present 
analyses.  

5. Results and discussion 

To investigate the part-load capability of closed-cycle high temperature heat pumps two strategies are 
evaluated (see section 3.2): 

 Shaft speed control (SSC): Operating areas of HTHP for non-recuperated and recuperated cycle 
 Fluid inventory control (FIC): Comparison with SSC for a scenario with constant temperature 

requirement and load reduction by 75% 
 

Figure 5: Effect of Reynolds number on turbomachine efficiency based on selected correlations [18] 
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5.1. Operating limits of Brayton cycle heat pumps controlled by shaft speed 

The permissible operating range of the CoBra prototype heat pump is bounded by several operating limits: 
 Compressor surge: The surge line marks the operating limit beyond which no stable flow can be 

sustained in the compressor due to flow separation at the blades. A certain safety margin must be kept 
during operation.  

 Maximum shaft speed: The absolute shaft speed is typically limited by the mechanical strength of the 
rotor blades. 

 Secondary mass flow: The secondary mass flow rate at the heat exchanger’s secondary side is 
bounded by the minimum and maximum delivery rate of the fan. 

 Maximum compressor inlet temperature: Due to the used instrumentation, the compressor inlet 
temperature must not exceed a maximum value. 

 Compressor choke: At high corrected mass flow rates, the flow reaches sonic velocities, preventing 
further increase of mass flow rate.  

 
Using the methods presented in section 4, the operating envelopes have been calculated for the CoBra 

prototype heat pump in non-recuperated and recuperated operating mode. The results are shown in Figure 6 
(a) and (b), respectively. 

The COP used for the following analysis is defined in Eq. (8) and computed with consideration of pressure 
drop and component efficiencies as described in section 4: 
 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄̇𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑃𝑃𝐶𝐶 −  𝑃𝑃𝑇𝑇

(8) 

A comparison of the operating modes shows that the recuperated cycle allows for operation at higher 
process temperatures and thermal output. In accordance with the assessments in section 2.2, both envelopes 
show a decrease of COP when higher temperatures are demanded. It should be noted that the non-recuperated 
cycle shows an operating area where the COP drops below 1: At these operating points, the turbine outlet 
temperature exceeds the temperature of the heat source level 𝑇𝑇0 = 15 °𝐶𝐶. Therefore, heat is rejected at both 
heat exchangers and the system is not working as a heat pump. When comparing the operating envelopes, the 
recuperated cycle shows higher COPs at the same delivered heat flows and temperatures.  

 

Figure 7 illustrates the heat pump’s permissible operating range with the current instrumentation for a given 
fluid inventory in a single diagram. The achievable temperatures are currently limited by the instrumentation 
at the compressor inlet. Higher delivery temperatures may be achieved by modifying the installed sensors. It 
is noticeable that the delivered heat flow cannot be reduced below a minimum value by shaft speed control. 

Figure 6: Operating envelopes with COP 

(a) Non-recuperated  (b) Recuperated 
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Consequently, if a process requires a wider operating range, additional control options are necessary. This is 
shown in the following section, where the limitations of the recuperated process with fixed amount of working 
fluid are compared to a system with fluid inventory control. 

5.2.  Fluid inventory control 

As discussed in section 5.1 load reduction of shaft-speed-controlled high temperature heat pumps is limited 
e.g. due to instability of the compressor. Fluid inventory control has the potential to significantly expand the 
operating range with little variation in engine efficiency (see section 3.2).  
 

Figure 8 shows the effect of a variable fluid inventory on the operating envelope of a HTHP. Altering fluid 
mass shifts the resulting operating area to corresponding power outputs. When reducing the fluid inventory 
from a reference state to 50% as shown in the example, the thermal output scales almost linearly with the fluid 
mass while the temperature range remains almost identical.  
For the investigations presented in this paper, a required process temperature of 550 K is assumed. The thermal 
output range extends from the nominal load to a reduction of 75%. However, the recuperated process 
architecture only allows a reduction to approx. 55% of nominal load via control of compressor rotational speed. 

Figure 8: Effect of fluid inventory variation on operating limits of recuperated cycle 

Figure 7: Comparison of operating areas depending on process architecture 
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If the process requires greater flexibility, the fluid inventory must be adjusted accordingly. This is  
demonstrated in this figure by shifting an operating point through FIC to low thermal output, which could not 
be reached by reduction of shaft speed. 

Figure 9 demonstrates the advantages of part load operation with fluid inventory control. Figure 9 (a) shows 
a section of the compressor map. The black working line connects the operating points in the case where part 
load operation is controlled by varying the compressor rotational speed. For each operating point, the required 
process temperature is set to 550 K. The inlet temperature of the secondary side of both heat exchangers (HTHE 
and LTHE, see Figure 3) is 15 °C. The amount of working fluid is optimized for best COP in this range. 

When thermal output is controlled by adjusting the fluid inventory, the operating conditions in the 
turbomachines remain almost identical for the requested performance range. The resulting operating point has 
been determined by optimization of COP near nominal load conditions and is highlighted in orange in Figure 
9 (a).  

Figure 9 (b) compares the COP for the entire operating range of shaft speed control and FIC. It becomes 
clear, that an adjustment of fluid inventory is not only able to extend the operating range but also leads to only 
minor deviation of heat pump performance even for very low thermal output. The decreasing COP is mainly 
evoked by Reynolds corrections (see section 4.4) which lead to lower efficiencies of the turbomachines for 
low-power operating conditions. This trend coincides well with the results by Pradeep Kumar et al. [9], who 
investigated fluid inventory control for closed cycle gas turbines. There is also some optimization potential by 
introducing a hybrid method where fluid inventory is controlled as well as compressor shaft speed. This is 
shown by the dotted orange line. Therefore, fluid inventory control should be considered to increase flexibility 
of future high temperature heat pumps and extend the scope of their potential applications. 

6. Conclusion and outlook 

High temperature heat pumps can cover a wide range of industrial process heat requirements. They highlight 
a very efficient decarbonization strategy for process heat temperatures up to at least 500 °C. Closed cycle 
Brayton heat pumps capable of thermal output regulation by fluid inventory control provide high flexibility 
while operating with almost constant efficiency. It is shown that heat pumps are limited to a certain operating 
range depending on the available methods to control part load operation. Maximum output is mainly 
determined by thermal and mechanical load capacity of the components. 

Two strategies for load reduction have been investigated in the scope of this work. If the heat pump is solely 
controlled by variation of shaft speed, the permissible minimum load is limited e.g. by compressor stability. 
The overall operating range for non-recuperated and recuperated process architecture is demonstrated by the 
introduction of HTHP envelopes. For the CoBra prototype heat pump the recuperator invokes higher output 
temperatures and better COP. 

In order to demonstrate the field of application for fluid inventory control, a scenario with constant output 
temperature and a load reduction down to 25% has been investigated. The simulation results indicate that fluid 
inventory control incurs only minor reduction of heat pump performance over the entire operating range. On 
the other hand, the shaft speed controlled heat pump with fixed amount of working fluid can only operate down 
to 55% load with varying operating conditions and efficiency.  

(a) Compressor map  (b) COP 

Figure 9: Fluid inventory control vs. shaft speed control for load reduction 
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Fluid inventory control is a promising method to control thermal output of highly flexible future heat pumps. 
It offers an effective mechanism to react to heat demand changes and address grid fluctuations. Its effect on 
the transient stability of the compressor will be researched during the operation of the CoBra. In order to 
investigate fluid inventory control in more detail, studies based on this work with a higher-fidelity model base 
and experimental examinations are planned. 
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