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Abstract 

The EnovHeat project aims at developing an innovative heat pump system based on the 

magnetocaloric effect and active magnetic regenerator technology to provide for the heating needs 

of a single family house in Denmark. Unlike vapor-compression devices, magnetocaloric heat 

pumps use the reversible magnetocaloric effect of a solid refrigerant to build a cooling / heating 

cycle. It has the potential for high coefficient of performance, more silent operation and efficient 

part-load control. After presenting the operation principles of the magnetocaloric device and the 

different models used in the current numerical study, this article demonstrates for the first time the 

possibility to utilize this novel heat pump in a building. This device can be integrated in a single 

hydronic loop including a ground source heat exchanger and a radiant under-floor heating system. 

At maximum capacity, this magnetocaloric heat pump can deliver 2600 W of heating power with an 

appreciable average seasonal system COP of 3.93. On variable part-load operation with a simple 

fluid flow controller, it can heat up an entire house with an average seasonal system COP of 1.84. 

Keywords 

Magnetocaloric heat pump, magnetic heating, active magnetic regenerator, innovative heating 

system. 

1. Introduction

In many countries, heat pumps now represent a key component of the energy development 

strategies. Consequently, researchers and industry strive to bring new cost-effective technical 

solutions to market. Conventional heat pumps and air-conditioner units are based on vapor 

compression technologies. They transfer thermal energy from a low-temperature to a high-

temperature environment by means of irreversible thermodynamic cycles. In recent years, several 

research groups investigated the potential of the magnetocaloric effect for ambient temperature 

cooling applications. This innovative technology uses magnetocaloric materials (MCM) as solid 

refrigerants in magnetic cooling / heating cycle. Because of the reversible nature of the 

magnetocaloric effect, magnetic heating / cooling devices have a potential for high coefficient of 

performance (COP). In addition, they could also present the advantage of a more silent operation, 

efficient part-load control, a lack of toxic or greenhouse contributing gases, and the possibility for 

recycling the MCM and magnets at end-of-life (Smith et al. 2012). However, it has yet to prove its 

competitiveness compared to mature vapor compressor technologies (Eriksen et al. 2016). 

The history of the active magnetocaloric regenerator cooling system started in 1982 with the 

proposal by Barclay of the active magnetic regenerator (AMR) cycle which is the basis for 

magnetocaloric heat pump (MCHP) systems (Barclay 1982). In 1998, an AMR device using 

superconducting magnets reached COPs above 6 (Zimm et al. 1998). Since then, different research 

groups have reported the performances of their AMR prototypes using permanent magnets for near-

room temperature cooling. In 2012, Engelbrecht et al. presented a rotary AMR device operating 

with a maximum cooling capacity of 1010 W and a no-load temperature span of 25.4 K 

(Engelbrecht et al. 2012). In 2013, a Japanese group presented a device operating at a temperature 
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span of 5 K with a COP of 2.5 (Okamura and Hirano 2013). In 2014, Jacobs et al. reported the 

performances of a prototype achieving a zero temperature span cooling power of 3042 W and 

cooling power of 2502 W at a temperature span of 12 K with a COP above 2 (Jacobs et al. 2014). In 

2016, a research team from the Technical University of Denmark published the study of a novel 

AMR device capable of 81.5 W of cooling power at a temperature span of 15.5 K and with a COP 

of 3.6 (Eriksen et al. 2016). 

Some key topics are being investigated to improve the performance of magnetocaloric devices: 

development of new magnetocaloric materials, optimization of permanent magnet configurations, 

different regenerator geometries for efficient heat transfer and minimum pressure losses, novel 

designs for optimum operation and reduced parasitic losses of the whole machine (Eriksen et al. 

2016; Lozano et al. 2016; Lei et al. 2017). 

The “EnovHeat” project aims to tackle the aforementioned questions and develop the prototype of 

an innovative magnetocaloric heat pump (see Figure 1) able to provide for the heating needs of a 

single family house in Denmark (excluding domestic hot water production) with a higher COP than 

conventional systems (Bahl 2015). 

Figure 1. 

This article firstly introduces the operation principles of this novel MCHP and presents the 

numerical models of this device and the building case study used in this project. For the first time, 

the integration of this innovative heat pump as heating system in a building is discussed. The results 

of this numerical study are presented and the operation performance of the MCHP in a low-energy 

house is assessed. Finally, suggestions for further research on efficient control of this device are 

made. 

2. Magnetocaloric heat pump

2.1. Operation of the magnetocaloric heat pump 

A magnetocaloric heat pump transforms a low-quality thermal energy supplied by a low-

temperature heat source into a high-quality thermal energy utilized by a high-temperature heat sink. 

This heat transfer is performed by means of a magnetic cooling / heating cycle, also known as the 

active magnetic regenerator (AMR) cycle. The refrigerant here is a solid material which exhibits a 

thermal response when the applied magnetic field changes. The magnetization (applying a magnetic 

field) of the refrigerant material induces an increase of its temperature and a decrease of its entropy. 

Reciprocally, the demagnetization (removing a magnetic field) of the refrigerant material leads to a 

decrease of its temperature and an increase of its entropy. This phenomenon is often reversible and 

is named the “magnetocaloric effect”. Materials exhibiting this effect are called “magnetocaloric 

materials” and present a maximum magnetocaloric response at the ferro- to-paramagnetic phase 

transition called the “Curie temperature”. The reference material for the magnetocaloric effect at 

room-temperature is Gadolinium. More information about the magnetocaloric effect and 

magnetocaloric materials can be found in Smith et al. 2012 and Kitanovski et al. 2015. 
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Figure 2. 

The AMR cycle, at the core of the operation of this innovative heat pump, makes use of the 

magnetocaloric effect by alternatively magnetizing and demagnetizing a MCM with an external 

magnetic field source. The MCM solid refrigerant is contained as a porous media in a regenerator 

allowing bi-directional circulation of the coolant fluid transferring the thermal energy from the cold 

side to the warm side of the device. Figure 2 illustrates in details the AMR cycle. At the beginning 

of the cycle, there is a temperature gradient over the regenerator length and no magnetic field is 

applied: Figure 2(a). The cycle starts with an adiabatic magnetization of the MCM leading to a 

uniform temperature increase over the length of the regenerator: Figure 2(b). The heat transfer fluid 

is pushed from the cold side to the warm side of the AMR (cold-to-hot blow). The hotter fluid 

rejects the heat to the heat sink and the regenerator is cooled down at constant magnetic field: 

Figure 2(c). The magnetic field is removed and the regenerator operates an adiabatic 

demagnetization leading to a uniform temperature decrease over the length of the AMR: Figure 

2(d). At the end of the cycle, the fluid is pushed back from the warm side to the cold side of the 

AMR (hot-to-cold blow) under zero-magnetic field, re-heating the bulk of the regenerator: Figure 

2(e). Once the heat transfer fluid and the MCM reached local thermal equilibrium, the temperature 

distribution across the regenerator length is the same as at the initial state of the AMR cycle Figure 

2(f). A detailed description of the AMR cycle can be found in the papers published by Lei et al. 

2017 and Engelbrecht et al. 2012. 

The MCHP prototype of the EnovHeat project is a rotary device with 13 packed bed spheres active 

magnetic regenerators placed on the stator and a two-pole permanent magnet assemblies placed on 

the rotor (see Figure 1). The regenerators consist of trapezoidal shaped-cassettes (see Figure 3) 

filled with first order MCM having a spherical shape with an average diameter of 450 μm. The 

spheres are kept together by an epoxy layer and the total amount of MCM is around 2.8 kg. The 

rotor is mounted on a vertical axis connected to an electric motor, and supports the two-pole magnet 

composed of 28 permanent magnet elements each. The rotation of the magnet creates a variating 

magnetic field having a maximum value of 1.4 T in the air gap. The 13 regenerators are connected 

to 2 manifold collectors and 2 manifold distributors: one of each on the cold side and on the hot side 

respectively. 13 high pressure and 13 low pressure solenoid valves allow synchronized regulation of 

the fluid flow through each of the regenerators. The circulation of the heat transfer fluid is 

performed by a single centrifugal pump (GRUNDFOS Data Booklet 2013). 

Figure 3. 

2.2. Numerical modeling of the magnetocaloric heat pump 

The core of the magnetocaloric heat pump modeling process is the original one-dimensional 

numerical model created by Engelbrecht (Engelbrecht 2008) and further developed by Lei (Lei et 

al. 2017). The temperature gradient in the radial direction and the internal heat losses inside the 

regenerator are neglected, which leads to two coupled partial differential equations describing the 

fluid temperature distribution in the AMR with regards of time: 
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 (2) 

Where k, T,  , c and s are the thermal conductivity, temperature, density, specific heat, and 

specific entropy; cA , hd , sa , ε, x, t , fm , and H are the cross sectional area, hydraulic diameter, 

specific surface area, porosity of the regenerator bed, axial position, time, fluid mass flow rate and 

internal magnetic field; /P x   and Nu are the pressure drop and the Nusselt number. The 

subscripts f and s represent fluid and solid refrigerant, respectively. dispk  is the thermal conductivity 

of the fluid due to axial dispersion, statk  is the static thermal conductivity of regenerator and fluid, 

and Hc  is the specific heat capacity of the MCM at constant magnetic field. These equations are 

solved using implicit finite volume method implemented in MATLAB calculation programming 

software. This numerical model has been tested against experimental data and showed very good 

capabilities to predict the performances of real MCHP prototypes (Lei et al. 2017). However, this 

model is too computationally demanding to be used as is in building simulations. Because of the 

relatively fast operation of the MCHP, the numerical model outputs can be approximated by a series 

of quasi-steady states suitable for building simulations with time step size of 60 seconds. Therefore, 

the detailed MCHP model is run with the parameters of the EnovHeat prototype in order to generate 

around 1600 output points for building a set of 5-dimensional lookup tables. These lookup tables 

are implemented in MATLAB-Simulink function blocks and provide output fluid temperatures, 

heating and cooling powers, COP, magnetic work and fluid pressure losses as functions of the inlet 

fluid temperatures, operation frequency and fluid mass flow rate to the heat pump for very little 

computation time. 

The additional elements of the MCHP are modeled in a simple way. The average electrical power 

usage of the set of valves ( valvesW ) has been measured directly on the prototype and has been found 

to be 63 W. The electrical power usage of the device’s motor ( motorW ) is calculated from the 

magnetic work of the AMR with the assumption of a motor efficiency factor equal to 0.65. Finally, 

the pump work ( pumpW ) is calculated with a polynomial function fitting the operation data provided 

by the manufacturer (GRUNDFOS Data Booklet 2013). 

3. Building systems 

The EnovHeat project aims at developing a novel heat pump system and demonstrating that it can provide 

for the heating needs of a low-energy single family house in Denmark. The following sections present the 

building case study chosen to test the integration of the MCHP, and the detailed dynamic building energy 

model developed for that purpose. 
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3.1. Building case study 

A 150 m² single-story house with a typical geometry for dwellings in Denmark is chosen as case 

study (see Figure 4). With a yearly heating need of 16 kWh/m², the design fulfills the low-energy 

requirements of a new building “class 2020” of the Danish building regulation (Building Regulation 

2010) and almost reaches the “Comfort House” standard (Larsen and Brunsgaard 2010). The main 

characteristics of the house case study can be found in Table 1. 

Figure 4. 

Table 1. 

In the case of Danish dwellings, the most energy efficient configuration for heat pump systems is to 

couple a ground source heat exchanger (GSHE) with a hydronic radiant under-floor heating (UFH) 

(Den lille blå om Varmepumper 2011). The water-brine heat transfer fluid is chosen to be 20 

volume% ethylene glycol and 80 volume% water. 

Two types of GSHE are considered in this case study: a horizontal GSHE and a vertical borehole 

GSHE. The ground loops are designed according to international standards and manufacturer's 

guidelines (VDI 4640:2001; Uponor Ground Energy Technical Information 2012; Ground Source 

Heat Pump Project Analysis 2005) with the assumption that the soil is a humid clayey sand: thermal 

conductivity of 1.5 W/m.K; density of 1900 kg/m³; specific heat capacity of 1400 J/kg.K. The 

grouting material is chosen to be with a thermal conductivity of 1.4 W/m.K, a density of 1500 

kg/m³ and a specific heat capacity of 1670 J/kg.K. Consequently, the horizontal GSHE is a 194 m 

long single collector with a serpentine layout. It is composed of PEX pipes with 40 mm outer 

diameter and 33 mm inner diameter. They are placed at a depth of 1.5 m with a pipe spacing of 1.5 

m. The collector covers 291 m² of ground surface area. The vertical borehole GSHE is a single 

collector consisting of a double U-tube PEX pipe with outer diameter of 44 mm and inner diameter 

of 37 mm. The borehole has a depth of 100 m and a diameter of 160 mm. The spacing between the 

2 U-tube legs is 80 mm. The total pipe collector length is 200 m. 

The hydronic under-floor heating system is designed according to international standards and 

manufacturer's guidelines (EN 1264:2011; ISO 11855:2012; Uponor Heating and cooling solutions 

– Technical guidelines 2008). Each room has a 100 mm thick concrete screed with embedded PE-

Xa pipes with outer diameter of 16 mm and inner diameter of 13 mm. They lay 60 mm below the 

surface of the concrete screed. The spacing between the pipe legs is 300 mm. 

The outdoor conditions and solar gains are extracted from the national reference Danish weather file 

DRY 2013. The building is therefore assumed to be located in an open field around Copenhagen. It 

is considered that 4 persons are occupying the house according to a fixed weekly schedule. The 

equipment and people load schedules are based on typical Danish equipment use and people 

schedule for a residential house (Jensen et al. 2011). A detailed description of the building case 

study can be found in a DCE technical report (Johra and Heiselberg 2016). 
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3.2. Modeling of the building systems 

A detailed multi-zone numerical model of the building case study is created with the MATLAB-

Simulink software. Similarly to the HAM-tools (Kalagasidis et al. 2008), this model calculates heat 

transfer through building elements with a one-dimensional explicit finite volume method (FVM) 

formulation comprising a small number of control volumes. This formulation is also known as 

“Resistance-Capacitance” network (RC network). External walls, internal walls, ceilings and roof 

elements are subdivided into 5 thermal nodes for the 3 different material layers (external panel, 

insulation layer, internal panel). Floor elements are subdivided into 9 nodes for the 3 different 

material layers and the hydronic UFH system (underground layer, insulation layer, UFH concrete 

screed). 

Inside each thermal zone, the inner surfaces and the indoor air temperature nodes are connected 

within a star network configuration with constant mixed convection/radiation surface thermal 

resistance coefficients. Thermal bridges, ventilation, air infiltration and windows heat losses are 

modeled using constant thermal resistances. 

Direct and diffuse solar radiation and long-wave radiation to the sky are calculated for external 

surfaces as a function of the local weather conditions and the surface orientation. The internal loads 

and the indoor solar gains are distributed over the air nodes and the internal surfaces according to 

constant ratio factors. 70% of the internal gains are modeled as purely convective and the remaining 

30% are distributed over all the indoor surfaces according to their surface area. Concerning the 

internal solar loads, 15% are modelled to go directly to the air node, 55% to go to the floor and 30% 

to go to the vertical walls of the thermal zone. 

The hydronic UFH system and the horizontal GSHE are modeled similarly as horizontal heat 

exchangers embedded in a multilayer slab by coupling a “plug flow” model in a pipe with the ε-

NTU method. The plug flow principle model accounts for the dynamics of the fluid pushed into the 

pipes when the flow rate is changing over time (TRNSYS 17 – Mathematical Reference). The ε-

NTU method collapses the three-dimensional domain of a horizontal heat exchanger into a one-

dimensional Resistance-Capacitance star network. The effectiveness of the heat exchanger is 

calculated by taking into account the equivalent interaction thermal resistance in the layer of the 

slab where the hydronic pipes are laid (ISO 11855:2012; Scarpa et al. 2009). The vertical borehole 

GSHE is simulated by coupling two plug flow pipe models in a triangular thermal RC network 

representing the complex thermal interaction between the U-pipe of the heat exchanger, the grout of 

the borehole and the surrounding soil domain (Diersch et al. 2011). The ground around the GSHE 

systems is simulated as a one-dimensional finite domain in a MATLAB state space function. 

Boundary conditions are defined by the weather condition and the undisturbed deep ground 

constant temperature. All the fluid properties of the brine, the convective heat transfer coefficient in 

the pipes and the pressure losses are calculated according to brine composition, fluid velocity, 

temperature and Reynolds number. 

The 10 different thermal zones of the dwelling (9 rooms and an attic) are connected together in 

order to form the house case study multi-zone model. No direct air exchange between thermal zones 
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is considered. Because the heat equation is solved here with an explicit scheme, the simulation time 

step size is set constant to 60 seconds to avoid numerical instability. 

The building numerical model has been validated with a BESTEST procedure. In addition, each 

sub-component of the building model has been validated against commercial software (COMSOL 

Multiphysics and BSim) or experimental test data. Validation test results and detailed description of 

the building model and its sub-components can be found in a DCE technical report (Johra and 

Heiselberg 2016). 

4. Building systems 

In order to achieve a high COP with heat pump systems, it is crucial to minimize the temperature 

span between the heat source and the heat sink. For that purpose, it is recommended to use ground 

source heat exchangers such as horizontal collectors or vertical boreholes in countries like 

Denmark. Although they have a significant investment cost, large amounts of thermal energy can be 

extracted from them at a higher and more stable temperature than outdoor air source systems, 

especially during the winter periods (Den lille blå om Varmepumper 2011). Concerning heat 

emitters, radiant under-floor heating systems offer a large surface of exchange with the indoor 

environment. They can therefore deliver an appreciable heating power with low inlet fluid 

temperature and keep the indoor air temperature lower than with radiator systems for an equivalent 

thermal comfort (Le Dréau 2014). As mentioned before, the magnetocaloric effect of a MCM is 

maximum around its Curie temperature. For some of these materials, the Curie temperature can be 

finely adjusted to match the temperatures inside the regenerator (Basso et al. 2015), taking into 

account its inherent temperature gradient (graded regenerator) (Smith et al. 2012). Consequently, 

the MCHP is designed for fixed optimum inlet and outlet temperatures which increases the 

importance of using a ground heat source which can provide a stable inlet fluid temperature. 

Figure 5. 

The principle of the AMR technology is to circulate the same fluid from one side of the system to 

the other. It is therefore possible to integrate the MCHP in a single hydronic loop without 

intermediate heat exchangers between the different sections of the circuit (see Figure 5). Because 

this heat pump can provide fluid flow rates and temperatures which are directly usable in a UFH 

system, a storage hot water tank is not needed. Such implementation has the potential of decreasing 

the effective temperature span between the heat source and the heat sink, but also simplifies the 

piping network and can therefore reduce the total installation costs and storage hot water tank heat 

losses. As mentioned before, the heat transfer fluid is circulated through the ground source loop, the 

UFH loops and the regenerators with only one circulation pump which can run at volume flow rates 

ranging from 100 L/h up to 2100 L/h with a net positive suction head ranging from 20 to 41 kPa 

(GRUNDFOS Data Booklet 2013). 

The control of the MCHP in this case study is based on a simple volume flow rate regulation. Each 

of the 9 UFH hydronic loops of the house is equipped with a valve regulated by an ON/OFF 

controller connected to a room temperature sensor. If the room temperature is above the 
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temperature set point of 22 °C, the valve of the corresponding UFH loop is closed. If the room 

temperature drops below the temperature set point, the valve is fully open to provide a nominal 

fluid volume flow of 220 L/h. The speed of the circulation pump and the total heat pump flow rate 

are varied accordingly. If all the UFH loop valves are closed, the circulation pump and the MCHP 

are turned off. 

In addition, this heat pump device can operate at different rotation frequencies from 0.5 Hz up to 2 

Hz. This allows additional control capabilities for optimizing the COP in function of the fluid flow 

rate. 

5. Results 

All the results presented hereafter are calculated for a four-month heating period from the 1st of 

January to the 30th of April under Danish weather conditions (DRY 2013). 

The COP is a common performance assessment index used for heat pump and refrigeration systems. 

Two different COPs are defined here to study the efficiency of the MCHP. The AMRCOP  is 

calculated with the useful heating power heatingQ  delivered by the heat pump and only considering 

the work due to the AMR internal operation: regenerator hydraulic pressure losses pressurelossW  and 

magnetic work magneticW . This calculation is similar to considering that the device is working with a 

perfect motor and a perfect pump. The systemCOP  is calculated with the heating power of the heat 

pump and considering all the work power which is necessary to operate the building heating 

system: circulation pump work pumpW  ( pressurelossW including the losses due to inefficiency), MCHP 

motor work motorW  ( magneticW including the losses due to inefficiency) and MCHP valves work valvesW . 

The heat losses through the heat distribution piping network of the house are not taking into account 

because they are included in the total heating output of the UFH system (Georges et al. 2017). 

heating

AMR

pressureloss magnetic

Q
COP

W W



 (3) 

heating

system

pump motor valves

Q
COP

W W W


 
 (4) 

Initial tests are performed with the MCHP heating up only one thermal zone in the house case 

study: the living room. The total nominal flow of the heat pump is kept constant during the 4 

months of the heating test period. The Figure 6 and Figure 7 present the results of 150 simulations 

where the average heating production, system power usage and seasonal COPs have been calculated 

for different total nominal heat pump fluid flows, 3 different AMR rotation frequencies and 2 kinds 

of ground loop heat source (horizontal GSHE and vertical borehole GSHE). It has to be noted that 

for low nominal volume flow rates, the heat pump does not provide enough heating power output 

and therefore runs continuously without being able to keep the set point temperature of 22 °C. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Acc
ep

ted
 m

an
us

cri
pt



9 
 

Figure 6. 

Figure 7. 

One can see on Figure 6 that the MCHP heating production and its power usage increase rather 

linearly with the total fluid flow. However, for the lowest operation frequency of 0.5 Hz, the 

performances of the MCHP drop for fluid mass flow rates above 1600 L/h. In addition, when the 

heat pump is connected to a horizontal GSHE, its heating capacity is significantly diminished 

because of the lower fluid inlet temperature provided by this ground loop heat source. One can 

notice that the major part of the MCHP power usage is due to the pump work. At maximum fluid 

flow rate of 2100 L/h, the system can deliver up to 2600 W of heating power with an average 

seasonal system COP of 3.93. 

The Figure 7 illustrates the change of the average seasonal AMRCOP  and systemCOP  in function of the 

total nominal mass flow rate. Concerning solely the AMR, its performance ( AMRCOP ) is maximum 

for low fluid flow rates and low operation frequency. However, even if the AMRCOP  is significant, 

the heating power output is very limited at low flow rates while the energy usage of the circulation 

pump remains high. Therefore, the performance of the overall heating system ( systemCOP ) is 

maximum at high fluid flow rates with operation frequency of 1 or 2 Hz. Here again, one can see 

that vertical borehole GSHE allows better MCHP performance compared to the horizontal GSHE. It 

should be noted that the temperature span between the cold and hot side of the AMR is increasing 

with the nominal flow rate from 12.3 °C to 19 °C for the vertical borehole GSHE and from 18 °C to 

25.5 °C for the horizontal GSHE. 

In a second case study, the MCHP is tested to heat the whole house. According to the 

aforementioned results, the operation frequency is kept constant at 1 Hz as it shows the best 

performance for the considered range of fluid flow rates. The Figure 8 presents the results of the 

four-month tests of heating up the house case study with the MCHP (the first test has a vertical 

borehole GSHE as heat source; the second test has a horizontal GSHE as heat source). One can see 

that the heating system always manages to keep the operative temperature of the house above the 

set point of 22 °C. The average temperature and maximum temperature inlet to the under-floor 

heating system are 25.42 °C and 28.50 °C respectively. The average temperature outlet of the 

vertical borehole GSHE is 8.17 °C (10% and 90% percentile of the temperature outlet are 6.89 °C 

and 9.30 °C respectively). The average temperature outlet of the horizontal GSHE is 2.42 °C (10% 

and 90% percentile of the temperature outlet are 0.93 °C and 4.51 °C respectively). One can see that 

the vertical borehole GSHE is a more stable heat source which can provide higher brine outlet 

temperature to the heat pump compared to the horizontal GSHE. The average temperature span 

between the heat source and the heat sink is 17.25 °C and 23.00 °C for the vertical borehole GSHE 

and the horizontal GSHE respectively. 

Figure 8. 
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The Figure 9 shows the evolution of the COPs during the four month heating test period. All these 

results are daily running average. For the vertical borehole GSHE case, the seasonal average 

AMRCOP  is 9.19 (10% and 90% percentile of the AMRCOP  are 7.69 and 10.60 respectively) and the 

seasonal average systemCOP  is 1.84 (10% and 90% percentile of the systemCOP  are 0.84 and 2.96 

respectively). For the horizontal GSHE case, the seasonal average AMRCOP  is 6.39 (10% and 90% 

percentile of the AMRCOP  are 5.31 and 7.48 respectively) and the seasonal average systemCOP  is 1.59 

(10% and 90% percentile of the systemCOP  are 0.67 and 2.55 respectively). Once again, one can see 

that the higher heat source temperature provided by the vertical borehole GSHE allows better 

operation performances of the MCHP compared to the horizontal GSHE. However, it is noticeable 

that the total system COP is rather low compared to the results of the single room test. This is due to 

the fact that the MCHP does not often run at maximum fluid flow rate where the coefficient of 

performance of the device is greater. 

Figure 9. 

6. Conclusions 

This article demonstrates for the first time the possibility to utilize a magnetocaloric heat pump for 

heating an entire building. This innovative heating device has been modeled as multi-dimensional 

lookup tables derived from a detailed numerical model in order to be tested with dynamic building 

energy simulations. It has been shown that it can be integrated in a single hydronic loop including a 

ground source heat exchanger and a radiant under-floor heating system. Such implementation does 

not require a storage hot water tank or additional circulation pumps or intermediate heat 

exchangers. At a constant maximum fluid flow rate of 2100 L/h, this magnetocaloric heat pump, 

when coupled to a vertical borehole heat source, can deliver up to 2600 W of heating power with an 

appreciable average seasonal system COP of 3.93. Moreover, the use of a vertical borehole as a heat 

source allows better performance of the heat pump because it can provide a more stable and higher 

fluid temperature inlet compared to a horizontal ground source heat exchanger. 

However, when the magnetocaloric device is used to heat an entire house with several thermal 

zones regulated by simple ON/OFF controllers, the heating system often operates at part-load 

capacity which leads to low COPs. Therefore, the magnetocaloric heat pump average seasonal 

system COP implemented in a low-energy house under Danish weather conditions is 1.84 and 1.59 

for a vertical borehole GSHE heat source and a horizontal GSHE heat source respectively. 

Advanced control strategies used in demand side management for building energy flexibility such 

as indoor temperature set point modulation, could be an interesting solution to improve the 

operation performance of this magnetocaloric heat pump. This question will be addressed in further 

research. 
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Tables 

Table 1: Parameters of the building case study. 

Figure Captions 

Figure 1: CAD model of the magnetocaloric heat pump prototype of the EnovHeat project: 

“MagQueen”. 

Figure 2: Active magnetic regenerator cycle consisting of four processes: (b) adiabatic 

magnetization; (c) cold-to-hot blow; (d) adiabatic demagnetization; (e) hot-to-cold blow. 

Figure 3: CAD model of the regenerator for the magnetocaloric heat pump prototype. 

Figure 4: Scheme of the house case study: a typical 150 m² single family house in Denmark. 

Figure 5: Integration of a magnetocaloric heat pump in single hydronic loop with ground source and 

under-floor heating system. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Acc
ep

ted
 m

an
us

cri
pt



14 
 

Figure 6: Heating power production and power usage of the magnetocaloric heat pump as function 

of fluid volume flow. 

Figure 7: COP of the magnetocaloric heat pump and the entire heating system as function of fluid 

volume flow. 

Figure 8: Four-month test of heating up a house with a magnetocaloric heat pump. 

Figure 9: Daily average COPs during the four-month heating test period. 
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Total ground floor area including walls [m²] 150

Heated floor area [m²] 126

Heated net volume [m³] 309

External walls U-value [W/m².K] 0.11

Floor U-value [W/m².K] 0.071

Roof U-value [W/m².K] 0.081

Doors and windows U-value [W/m².K] 1

Glazing transmittance [%] 0.63

Infiltration rate [h¯¹] 0.1

Air change rate (without infiltration) [h¯¹] 1.2

Ventilation heat recovery [%] 85

Heating temperature set point [°C] 22

Heating energy need (set point = 20 °C) [kWh/m². year] 16

Table 1

Acc
ep

ted
 m

an
us

cri
pt


