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A B S T R A C T

Building decarbonization necessitates renewable heating and cooling solutions such as heat pumps. Magneto-
caloric heat pumps (MCHP) offer environmental and efficiency advantages but face challenges when scaling up
from existing active magnetic regenerator configurations. This study highlights uneven flow resistance, porosity,
and refrigerant magnetocaloric effects as key obstacles to MCHP performance in parallel multi-bed setups. To
address these effects, two control strategies for the fluid flow control system were investigated: measurement
feedback control and model predictive control. Results show a 36.9 % heating power improvement with mea-
surement feedback control, though with extended control convergence times. Model predictive control achieved
approximately seven times faster control convergence compared to the measurement feedback control strategy,
despite exhibiting minor overshooting. Utilization factor-based model predictive control increased the heating
capacity by 1.6 %–30.9 % and the COP by 1.2 %–10.7 % in scenarios with uneven flow resistance and porosity,
offering computational efficiency but assuming even magnetocaloric effects between regenerators. This
assumption can be addressed by outlet temperature-based model predictive control, albeit at a higher compu-
tational cost using genetic algorithm. The findings emphasize the importance of advanced control methods to
scaling up MCHP in renewable energy building systems.

Nomenclature

Abbreviations
AMR Active magnetic regenerator
COP Coefficient of performance
DSC Differential scanning calorimetry
MCE Magnetocaloric effect
MCHP Magnetocaloric heat pump
MCM Magnetocaloric material
PV Photovoltaic
Variables
Ac Cross sectional area, [m2]
a0 Geometry factor, [− ]
Bi Biot number, [− ]
c Specific heat capacity, [J kg− 1 K− 1]
f Frequency, [Hz]

(continued on next column)

(continued )

H Internal magnetic field, [A m− 1]
h Convective heat transfer coefficient, [w m− 2 K− 1]
k Thermal conductivity, [w m− 1 K− 1]
L Length, [m]
ṁ Flow rate, [kg s− 1]
n Effective step length, [− ]
NTU Number of transfer units, [− ]
p Pressure, [Pa]
R Flow resistance, [Pa s m− 1]
s Specific entropy, [J K− 1 kg− 1]
T Temperature, [K]
t Time, [s]
U Utilization, [− ]
V̇ Velocity, [m s− 1]
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(continued )

x Axial position coordinate [m] or arbitrary variable
z z-score, [− ]
Greek symbols
a Specific surface area, [m− 2]
γ Relative flow resistance, [− ]
Δ Difference
ϵ Porosity, [− ]
θ Solenoid valve opening period in degree, [o]
ρ Density, [kg m− 3]
τ Period time, [s]
φ Penalty function parameter, [− ]
ϕ Rotational angle in degree, [o]
ψ Binary variable for solenoid valve status, [− ]
ω Center position of solenoid valve opening period, [o]
Subscripts
avg Average
c Cold side
close Closed state
f Fluid
h Hot side
in Inlet
open Open state
out Outlet
pump Pump
s Solid

1. Introduction

The acceleration of global energy consumption within the building
sector has been conspicuous over the past century, propelled by factors
such as population expansion, prolonged indoor activities, and height-
ened requisites for building functionalities. Eurostat data underscores
this trend, indicating that approximately 50 % of the total energy uti-
lized in the EU is allocated for heating and cooling purposes, with fossil
fuels, primarily natural gas, accounting for over 70 % of this consump-
tion [1]. In the residential domain specifically, roughly 80 % of final
energy consumption is attributed to space and water heating. Aligned
with the objectives outlined in the REPowerEU plan [2], which aims to
curtail fossil fuel dependencies, augment the adoption rate of heat
pumps in buildings, and accelerate the implementation of expansive
district heating and cooling networks, significant initiatives have been

proposed. With a notable surge of 3 million heat pump units installed in
2022 alone, the ambition is to further deploy at least 10 million addi-
tional heat pumps by 2027.

Heat pumps present a compelling solution in the field of cooling and
heating technology, offering significant potential to further the Euro-
pean Commission’s goals of transitioning towards a carbon-neutral
Europe through renewable energy initiatives. Their versatility allows
for the provision of renewable cooling, space heating, and hot water,
presenting a flexible alternative to conventional fossil fuel-based
methods. Concurrently, as the scientific community directs its focus
towards buildings equipped with renewable energy systems and low-
carbon technologies, there has been a concerted effort to explore new
refrigerants [3] and investigate alternative refrigeration technologies
[4–7]. Among these, caloric heating and cooling has emerged as a
promising refrigeration technology [8–10], incorporating magneto-
caloric [11,12], elastocaloric [13–15], barocaloric/mechanocaloric
[16–18], and electrocaloric [19–21] approaches. Notable progress in
caloric cooling and heating prototypes is documented in Refs. [22–26].

In the RES4BUILD project [27], a magnetocaloric heat pump (MCHP)
is integrated in a renewable energy-based system, aiming to decarbonize
building energy consumption (Fig. 1). This system, tailored to individual
building and climate conditions, features a novel multi-source heat
pump concept. It incorporates the MCHP coupled with the evaporator of
a two-stage vapor compression heat pump. Additionally, other innova-
tive technologies such as photovoltaic (PV) cells, solar thermal energy
collectors, and energy piles [28] will be customized to suit each build-
ing’s requirements. To support the decarbonization of building energy
consumption, PV thermal systems provide renewable heating and
cooling solutions [29]. However, while magnetocaloric heat pumps
(MCHPs) offer benefits such as zero gaseous refrigerant emissions and
reduced noise, they are not yet commercialized, unlike magnetocaloric
refrigerators, which are in the very early stages of commercialization.
The state-of-the-art MCHP system, utilizing the magnetocaloric effect
(MCE), comprises an active magnetic regenerator (AMR) assembly, a
magnetic circuit for field variation, and a synchronized hydraulic system
[30]. As a pivotal MCHP component, the AMR undergoes crucial oper-
ations: adiabatic magnetization, fluid flow from cold to hot reservoir,
adiabatic demagnetization, and reversed flow from hot to cold reservoir.

Fig. 1. Schematic of a MCHP integrated in a in a renewable energy-based building system.
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AMRs function as integrated units for heat exchange and heat genera-
tion, while the heat transfer fluid directly connects the thermodynamic
cycles in question, and the heat capacity of the magnetocaloric material
(MCM) is used as a regenerator to transfer the heat from a neighboring
cycle. The key advantage of AMR configuration lies in achieving tem-
perature spans significantly surpassing adiabatic temperature change of
MCMs (solid refrigerants) [31,32]. Through sequential magnetic field
variations and fluid flow steps, the AMR efficiently transfers cooling
capacity from the cold reservoir while rejecting heat to the hot reservoir
over a temperature span, requiring mechanical, magnetic, electronic,
and hydraulic power inputs. Over 80 room temperature magnetocaloric
devices have been documented, with a predominant focus on refriger-
ation than heat pumping [33–35]. These devices explore two primary
configurations based on the movement of MCM within a magnetic field:
(a) Reciprocating [36], where the AMR reciprocates in and out of the
magnetic field using dual magnetic field sources for continuous cooling;
(b) Rotary [37], wherein the AMR rotates and traverses a circular path in
and out of the field, with fluid flow categorized as axial [38], radial [39],
and azimuthal [40]. The rotation of the magnetic field source over static
AMR is a prevalent technique in recent prototypes [30].

As an alternative to vapor compression heat pumps, MCHP offers
significant environmental benefits primarily through energy savings
during regular operation, outweighing concerns about direct emissions
from gaseous refrigerants [41]. The concept of low exergy building
systems [42,43] introduces new possibilities for low-temperature lift
heat pumps (as low as 10 K) with ultra-high COP, a favorable scenario
for MCHP due to the reversible but relatively low MCE with current
stable MCMs. However, achieving the required heating capacity of at
least 1 kW for the building system necessitates scaling up MCHP with
multi-bed AMRs, which can be hydraulically connected in series or
parallel. Serially connected devices, typically comprising two AMR beds
sharing a common cold reservoir with flow provided by reciprocating
displacers, offer advantages such as balanced flow in each bed and flow
calculation based on displacer geometry [44–46]. Conversely, parallelly
connected AMR beds feature a fluid circulator with constant unidirec-
tional flow connected to a set of flow manifolds [47–49]. Here, indi-
vidual AMR beds are hydraulically connected in parallel via flow
manifolds, and flow to each bed is controlled by valves. The advantages
of a parallel flow circuit include a more compact system and less
expensive construction due to better magnetic field utilization. How-
ever, parallel connections between beds may result in unequal flow
distribution, leading to unbalanced fluid flow and reduced AMR per-
formance [50].

Inspired by research on optimizing the timing and synchronization
between magnetic circuit and fluid flow profiles to enable diverse
thermodynamic cycles, controlling the operation of each individual
AMR in a parallel multi-bed MCHP involves understanding the interplay
between AMR performance and magnetic and fluid flow waveforms.
There is a consensus in the literature that optimizing cooling capacity
involves displacing fluid during periods of extrememagnetic field values
with minimized transition times between high and low levels [51,52].
This allows for flexibility in synchronizing the flow rate profile with the
magnetic field profile, ranging from center-aligned to end-aligned, or
anywhere in between, yielding competitive performance [53]. Center
alignment ensures sufficient temperature difference between solid and
fluid at low blow fractions, while end alignment prevents fluid flow
during magnetic field reversal, crucial at high blow fractions [54].
Increasing the time delay betweenmagnetization and fluid displacement
enables fluid flow to coincide with different magnetic profile stages,
resulting in diverse thermodynamic cycles with varying performance
trends. Li et al. [55] studied the cooling performance of an AMR under
various process time lengths, utilization factors, and operating fre-
quencies, revealing a larger temperature span with longer flow times,
albeit with increased motor workload due to intermittent motion. The
reported temperature span increases with decreasing blow fraction at a
low utilization factor due to increased heat transfer potential [56]. At

moderate utilization, AMR performance degradation occurs at low blow
fraction due to reduced regenerator thermal effectiveness with NTU
[57]. For constant utilization factor, shorter blows typically yield higher
temperature span at a given cooling load due to higher average magnetic
field during the cold blow, whereas longer blows lead to higher COP for
the required temperature span [58,59].

The aforementioned underscores the crucial role of hydraulic circuit
parameters, including utilization factor, blow fraction, and magnetic
field - fluid flow synchronization, on the cooling capacity and temper-
ature span achieved by AMRs. These insights offer opportunities for
effectively managing hydraulics for each individual AMR to scale up
MCHP with parallel multi-bed configuration. Fluid flow profiles can be
practically adjusted without hardware modifications, given a reliable
valving system is in place. A controllable valving system, including ro-
tary valves [60,61], solenoid valves [62–64], or cam valves [56,57], is
essential for hydraulic flow management. In parallel multi-bed MCHP,
flow imbalance occurs not only due to flow maldistribution among
AMRs operating at the same phasing (inter-AMR flow unbalance) but
also due to differing displaced volumes between cold and hot blows
within the same AMR (intra-AMR flow unbalance). Eriksen et al. [50]
adjusted fluid flow through each AMR by tuning additional adjustment
valves in each AMR flow channel to mitigate inter-AMR flow imbal-
ances. However, manual control of the opening angle for each adjust-
ment valve, based on average operating conditions, limited adaptation
to varying conditions and intra-AMR flow imbalances. Lionte et al. [65]
addressed intra-AMR flow imbalances by introducing a small bypass
flow from the cold side to the hot side of the AMR using a bypass heat
exchanger. Although this increased cooling capacity by 8 %–22 %,
implementing individual bypasses for each AMR in a multi-bed config-
uration made the hydraulic system complex and impractical. A real-time
controlled and programmable solenoid valve system was developed to
produce well-synchronized fluid flow [66], offering the potential to
individually regulate fluid flow of each AMR in a parallel multi-bed
MCHP. However, there is a lack of discussion on scaling up a parallel
multi-bed MCHP with effective hydraulic control.

This study aims to address the challenges of advancing scaled-up
MCHPs integrated in low-carbon building systems. A full-scale MCHP
prototype with 13 parallel gadolinium AMR beds was constructed, and a
computer-controlled solenoid valving system was developed to address
both inter-AMR flow imbalances and intra-AMR flow imbalances in real
time. Control of the displaced volume of fluid for each AMR and each
blow is achieved by tuning the local blow fraction through adjusting the
opening timing of each solenoid valve, without the need for additional
components. Different measurement-feedback control strategies,
including AMR cold outlet temperature, AMR hot outlet temperature,
and both as control feedback parameters, are explored to understand the
trade-off between multi-bed operation controllability and device eco-
nomics. In preparation for future digital twin control with possible rapid
control, a detailed numerical model was developed to generate designer
maps for simultaneous initial solenoid valve timing as a function of
operational variations. Given the limited application of MCHPs in
building heating due to their early stage of development, this study
addresses the research gap by exploring practical control strategies in a
full-scale prototype. These measurement-feedback control and model
predictive control strategies provide an effective tool for scaling up
MCHPs with parallel multi-bed configurations.

2. Methods

To evaluate the effectiveness of scaled-up MCHP operation, the
Technical University of Denmark (DTU) has built a full-scale parallel
multi-bed MCHP prototype named MagQueen. This prototype aims to
test various measurement-feedback control strategies and validates a
numerical model for model predictive control strategies. The model not
only incorporates the energy and mass governing equations within a
single AMR but also considers different flow resistances and operating
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phases between AMRs. A twofold approach was investigated: (1)
measurement-feedback control strategies, encompassing cold-out to hot-
out adjustment, biggest outlier seeking, and symmetric adjustment, and
(2) model predictive control strategies, including the identical utiliza-
tion factor method and the identical outlet temperature method.

2.1. Full-scale prototype

The MagQueen, detailed in Ref. [67], was initially engineered to
meet the heating demands of a low-energy single-family house in
Denmark, offering a superior COP compared to conventional systems.
Fig. 2 illustrates the schematic of MagQueen along with its primary
design characteristics. The prototype features a rotary two-pole per-
manent magnet with a maximum flux density of 1.46 T. Thirteen static
trapezoid-shaped AMR beds are positioned on top of each iron tooth, a
distinctive feature of the solid iron ring with thin laminations and
insulation in between to prevent eddy current losses. The magnet design
employs iron to concentrate the magnetic flux from the yoke through
each AMR bed. The entire fluid flow system includes solenoid valves, a
pump, check valves, and manifolds, enabling continuous circulation of
the heat transfer fluid throughout the system while facilitating recip-
rocating flow in each individual AMR bed.

The AMRs in this study are filled with pure gadolinium (Gd) particles
as MCMs, each undergoing a magnetic thermodynamic cycle during
continuous magnetization and demagnetization. The MCMs act as both
heat storage heat exchanger and being heated and cooled by the
ramping-up and ramping-down magnetic field, respectively. As the
MCM is magnetized, heat transfer fluid is pumped through the AMR bed
in the cold-to-hot direction, transferring heat from the MCM to the heat
transfer fluid, and vice versa during demagnetization. Notably, fluid
flow through the AMRs is reciprocating, while the flow outside AMRs is
unidirectional. Approximately 4.4 kg of Gd was used for the entire
prototype, with a particle size range of 400–700 μm and an average
particle size of 500 μm. The complete flow diagram is illustrated in
Fig. 3. The prototype is equipped with 13 high-pressure and 13 low-

pressure fast-responding solenoid valves, along with 26 low-pressure
drop check valves. For each AMR, two solenoid valves and two check
valves are utilized to regulate the flow. These check valves ensure uni-
directional fluid flow. The electromechanically operated solenoid valves
enable remote control of fluid flow through each regenerator, synchro-
nized with the magnetic field. This allows for precise regulation of the
fraction of the cycle when fluid flows through each regenerator in a
specific direction. With the ability to independently regulate the valves,
each AMR can have a different flow profile, facilitating blow fraction
control for each AMR.

As essential control parameters, 26 E-type thermocouples were
positioned at both the cold-out and hot-out of each AMR. A torque meter
on the magnet shaft measured the power required for magnetic circuit
rotation. An absolute rotary encoder on the shaft tracked the magnet
angular position, guiding the timing for solenoid valve operation. Flow
rate was gauged with both low (0.5–10 L/min) and high (5.7–56.8 L/
min) range flow meters.

The flow resistance of each individual AMR was evaluated during
both the cold-to-hot and hot-to-cold blows to gauge the extent of flow
imbalance and generate parameters for the numerical model. Flow
resistance is quantified as the pressure drop across the AMR bed divided
by the volumetric flow rate. Using manual control of solenoid valves and
the pump while the magnet remains stationary, pressure drop and flow
rate are measured by the pressure transducers and a flow sensor,
respectively.

The relative combined standard uncertainties were evaluated using
the Taylor Series Method (TSM) [68]. Magnetic power uncertainty only
considered system uncertainty, attributed to fluctuations from internal
AMR operation rather than random errors [69,70]. Notably, relative
standard uncertainties estimated for temperature, flow resistance,
magnetic work and pumping work, cooling and heating capacities, and
COP are 1 %, 2 %, 3 %, 10 %, and 10 %, respectively [39]. Each test
condition employed a sampling frequency of approximately 6 Hz, with
performance data averaged over a 10-min period upon reaching
steady-state conditions.

Fig. 2. Illustration of the MCHP prototype.
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2.2. Measurement feedback control strategies

The proposed measurement feedback control strategies utilize the
modified z-score of AMR outlet temperatures as control feedback pa-
rameters, as described in Eq. (1). Real-time measurements from ther-
mocouples monitor the AMR outlet temperatures, providing data for z-
score calculations. Based on the deviation from the desired setpoint and
the derived z-score values, the controller adjusts the control inputs to
steer the system towards a desired state. These control inputs may
involve altering the opening periods of solenoid valves during hot-to-
cold or cold-to-hot blows, depending on the selected strategy.

zi =
xi −

∑n
j=1

xj |j∕=i
n− 1̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n− 1
∑n

k=1

[

xk −
∑n

j=1
xj |j∕=i

n− 1

]2⃒⃒
⃒
⃒
⃒
k∕=i

√
√
√
√

(1)

In calculating the modified z-score zi for the ith data point (xi), the mean
and standard deviation of the dataset are computed excluding the ith
data point to mitigate the influence of significantly large outliers on the
calculations.

For AMR outlet temperatures identified as outliers and exceeding the
average temperature, the corresponding solenoid valve opening period

Fig. 3. Flow diagram of the hydraulic system in the MCHP. ’WH’ stands for water heater. Tc,out,i and Th,out,i denote the cold-out and hot-out temperatures in the
ith AMR.
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Fig. 4. Control logic diagrams for measurement feedback control, including cold-out to hot-out adjustment, biggest outlier seeking, and symmetric adjustment. The
valve setting module and outlier selection module serve as common subfunctions. In the valve setting module, the solenoid valve opening period (θi,j) increases by +1
when the corresponding AMR cold-out temperature is too low or the hot-out temperature is too high, and vice versa. Specifically, in the symmetric adjustment mode,
only the hot-to-cold solenoid valve opening period is adjusted in response to the cold-out temperature, while the cold-to-hot solenoid valve opening period is
simultaneously adjusted by the same degree but in the opposite direction. In the outlier selection module, current outliers include all points with z-scores exceeding
the predefined threshold value and the point with the highest z-score among the remaining points.
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increases, and vice versa. The opening period of the solenoid valve is
quantified by the phase angle corresponding to the encoder phase angle.
For instance, a phase angle of 60◦ corresponds to a solenoid valve
opening period of 60/360 of the cycle period. Three distinct control
strategies are explored, as depicted in Fig. 4.

1. Cold-out to hot-out adjustment: The controller targets the largest
outlier from AMR cold-out temperatures, adjusting the correspond-
ing solenoid valve opening period by+1/-1◦ until no outliers remain.
Subsequently, the same process is applied to address outliers in AMR
hot-out temperatures.

2. Biggest outlier seeking: The controller identifies the largest z-score
value from both AMR cold-out and hot-out temperatures and adjusts
the corresponding solenoid valve opening period by +1/-1◦. This
adjustment continues iteratively until no further outliers are detec-
ted. Unless the z-score values exceed the predefined threshold value,
this strategy only adjusts one solenoid valve per step due to the
strong interdependence between different AMRs.

3. Symmetric adjustment: The controller identifies the largest outlier
from AMR cold-out temperatures and adjusts the corresponding so-
lenoid valve opening period by+1/-1◦. Simultaneously, it adjusts the
opening period of the other solenoid valve at the same AMR by − 1/
+1◦ until no outliers are present in the AMR cold-out temperatures.
This strategy adjusts the opening periods of two conjugated solenoid
valves simultaneously, minimizing the need for thermocouples to
monitor AMR hot-out temperatures. However, it does not evaluate
outliers in AMR hot-out temperatures, making it less suitable for
AMRs with significantly different flow resistances between hot-to-
cold and cold-to-hot blows, which is uncommon in typical AMRs.

2.3. Numerical model

The AMR model is structured around energy and mass governing
equations derived from a pre-existing 1D model [71,72]. This frame-
work encompasses the MCE, heat transfer, and momentum flow for both
solid and fluid phases.

Ac(1 − ϵ)ρsTs

(
∂ss
∂H

)

Ts

∂H
∂t

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Magnetocaloric heat

=
∂

∂x

(

kstatAc
∂Ts

∂x

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Heat conduction

+ h*aAc
(
Tf − Ts

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat convection

− Ac(1 − ϵ)ρscs
∂Ts

∂t⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
MCM heat storage

(2)

h*aAc
(
Tf − Ts

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat convection

=
∂

∂x

(

kdispAc
∂Tf

∂x

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Heat conduction

− ṁfcf
∂Tf

∂x⏟̅̅̅̅⏞⏞̅̅̅̅⏟
Heat advection

+

⃒
⃒
⃒
⃒
∂p
∂x

ṁf

ρf

⃒
⃒
⃒
⃒

⏟̅̅̅̅⏞⏞̅̅̅̅⏟
Viscous dissipation

− Acϵρfcf
∂Tf

∂t⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
Heat storage

(3)

where T, p, Ac, ṁ, ρ, c, ϵ, a, s, and H denote temperature, pressure, cross-
sectional area, fluid mass flow rate, density, specific heat, porosity,
specific surface area, entropy, and internal magnetic field, respectively.
Subscripts f and s indicate fluid and solid phases, respectively. The static
conductivity (kstat) and fluid dispersion (kdisp) conductivity account for
the static 3-D conduction and axial dispersion effect in the porous bed, as
described elsewhere [73]. h* represents the modified conjugate heat
transfer coefficient, obtained from empirical correlations, following
recommendations in Refs. [31,74].

h* =
h0

1+ x • Bi/a0
(4)

where h0 represents the heat transfer coefficient, excluding the effects of
transverse thermal conductivity and temperature distribution within the
solid phase. Bi denotes the Biot number. The geometry factor a0 is
typically constant, for example, a0 = 5 for packed spheres. The expres-
sion of x can be found in Refs. [31,74].

To describe the inter- and intra-AMR flow imbalances in the MCHP
model with thirteen-bed AMRs, the flow system model is executed be-
forehand to generate inputs for each AMR model. The flow resistance
(Ri,j) is defined as the ratio of pressure drop across the ith AMR (Δpi,j) to
the local volumetric flow rate (V̇) of the fluid passing through it. The Ri,j

is determined for each AMR from pressure drop measurements during
both hot-to-cold flow (j = 1) and cold-to-hot flow (j = 2) at various
volumetric fluid flow rates. To facilitate the calculation of fluid flow rate
distribution, the relative flow rate resistance (γi,j) is defined in Eq. (6).

Ri,j =
Δpi,j
V̇

(5)

γi,j =
Ri,j

1
13
∑13

í =1Rí ,j
(6)

Note that the flow resistance in this study encompasses the re-
sistances of an AMR bed, a check valve, a solenoid valve, a strainer, and
the connecting hoses and fittings. To determine the local fluid flow rate
of each AMR, the parameter ψ is introduced as a function of the rota-
tional angle (ϕ) to indicate the corresponding open and close status.

Fig. 5. Schema of model predictive control.
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ṁi,j = ṁpump
ψ i,jγi,j

∑13
i=1

(
ψ i,jγi,j

) (7)

ψi,j(ϕ)=
{
1,ϕ ∈

[
ωi,j − θi,j

/
2,ωi,j + θi,j

/
2
]

0,ϕ ∕∈
[
ωi,j − θi,j

/
2,ωi,j + θi,j

/
2
] (8)

where ωi,j and θi,j denote the center position of the solenoid valve
opening period of the ith AMR and the opening period of the solenoid
valve corresponding to the ith AMR during the hot-to-cold flow (j = 1)
and cold-to-hot flow (j = 2), respectively. The values of ψi,j(ϕ) at 1 and
0 indicate the open and close status of the corresponding solenoid valves
as a function of the current magnet rotational angle ϕ.

The solenoid valve opening period θi,j is defined as the valve opening
time, expressed in degrees, relative to the motor rotation period. The
motor rotation period corresponds to 360◦ and is twice the AMR cycle
period due to the characteristics of the two-pole magnet assembly.

θi,j =360 •

(
tclose,i,j − topen,i,j

)
• f

2
(9)

where f , topen,i,j, and tclose,i,j denote the AMR frequency, as well as the
opening and closing times at the ith AMR during the hot-to-cold flow
(j = 1) and cold-to-hot flow (j = 2), respectively.

The steady-state operation of the MCHP can be solved by utilizing
the flow profile for each AMR (ṁi,j) as the input parameters for the AMR
model. Note that the influence of temperature on fluid viscosity is
neglected when determining the flow profile (ṁi,j).

2.4. Concept of model predictive control

Model predictive control involves multiple solenoid valve adjust-
ments based on a single model prediction, enabling the simultaneous
update of all solenoid valve settings in one control step. Given the
complex relationship between the variables from different AMRs, uti-
lizing model predictions to adjust the valve settings in response to
operational changes can expedite control convergence. As shown in
Fig. 5, the model prediction is evaluated and refined on the fly through
the framework of digital twins. The concept of digital twins bridges the
gap between the digital technologies and analogous world, offering
applications in optimizing heat pump operations [75]. Digital twins that
continuously update parameters using measured data can yield
high-precision short-term predictions. After adjusting parameters with
real-time monitoring data, the digital twin model provides more accu-
rate predictions, reducing discrepancies between model estimates and
final solenoid valve settings. As an initial step, this study focuses on the
effectiveness of two model predictive control methods through one
control step, without connecting the simulation to measurements. The
impact of parameter updates through iterative measurements will be
explored in future studies. The identical utilization factor method and
identical outlet temperature method are defined below, with the even
valve setting mode as the baseline. In the even valve setting mode, the
solenoid valve opening periods are identical for either the hot-to-cold
flow direction (θi,1) or the cold-to-hot flow direction (θi,2), although
the values of θi,1 and θi,2 can differ.

1. Identical utilization factor method: The controller estimates the
opening period of the solenoid valve assuming an identical utiliza-
tion factor for each AMR. Considering the mass flow rate variations
resulting from diverse flow resistance values between AMRs (Eq.
(6)), the solenoid valve opening period (θi,j) can be determined by
solving the following equation equating local utilization factor of
each AMR (Ui,j) to the average utilization factor (Uavg).

∫ (ωi,j+θi,j/2)/360/f

t=(ωi,j − θi,j/2)/360/f
ṁi,jdt • cf

mMCM,i • cs
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

Ui,j

=
ṁpump

/
f • cf

∑13
i=1mMCM,i • cs

⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Uavg

(10)

where f and mMCM,i denote the frequency and the MCM mass at the ith
AMR, respectively. The primary advantage of the identical utilization
factor method is its significantly reduced computational complexity, as
it avoids iterative AMR model calculations.

2. Identical outlet temperature method: The controller determines the
solenoid valve opening period by minimizing the z-score values of
AMR outlet temperatures. This process involves a two-step optimi-
zation approach [76]. Initially, a stochastic search using a genetic
algorithm is employed to explore the solution space and prevent
convergence to local optima. The genetic algorithm generates a
predefined number of random vectors (population size), each of
which is evaluated using individual AMR models for simulation and
assessment. Penalty functions are applied if solenoid valve control
limits are violated (Eq. (10)), and the vectors leading to
non-converged simulations are rejected by assigning a significantly
large objective function value. After each iteration of the genetic
algorithm (generation), the population undergoes modifications
such as mutation or crossover, resulting in a new set of vectors for
evaluation in the subsequent generation. This process continues until
the maximum number of generations is reached. The population size
is set to 800, with a maximum of 1000 generations. A crossover
probability of 0.85 and a mutation rate of 0.01 are selected. Once the
genetic algorithm terminates, the best solution is selected as the
initial guess for deterministic nonlinear optimization using the Lev-
enberg–Marquardt method to refine the solution. The pretreatment
using the genetic algorithm effectively avoids local minima and en-
sures solution convergence. The outlet temperature-based model
predictive control is implemented periodically to update the valve
setting and aid in control convergence.

min F=
∑2

j=1

(
∑13

i=1

⃒
⃒zi,j
⃒
⃒

)

+ φ
∑2

j=1

(
∑13

i=1

⃒
⃒h
(
θi,j
)⃒
⃒

)

(11)

h
(
θi,j
)
=max

[
0,
(
θi,j − θmax

)]
(12)

where φ is a coefficient for the penalty term in the objective function, set
to a large positive value. θmax is the maximum allowable variation of the
valve opening period (control limit). Note that both the genetic algo-
rithm and nonlinear optimization utilize the same loss function (Eq.
(12)). The final convergence is determined by the loss function of the
nonlinear optimization, which allows for a certain tolerance in the error
of the genetic algorithm. The stopping criterion for the genetic algo-
rithm is defined by either reaching the threshold value of the loss
function or the maximum number of iterations.

3. Results

In this section, the performance variations and control strategies
implemented in the MCHP prototype are investigated. The dynamics of
solenoid valve adjustments and their impact on system performance
under different measurement feedback control methodologies are first
experimentally analyzed. Subsequently, the effectiveness of various
model predictive control strategies in enhancing heating capacity and
COP across diverse operating conditions is numerically studied. Addi-
tionally, the implications of these results for advancing control strategies
for parallel multi-bed MCHP systems in low-carbon building applica-
tions are discussed.
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3.1. Fluid flow distribution

The relative flow resistances for both the hot-to-cold and cold-to-hot
directions, corresponding to four fluid flow rates—are depicted in Fig. 6.
According to the definition of relative flow resistance in Eq. (5), de-
viations in flow resistance ranging from − 5.5 % (in AMR#4, cold-to-hot

direction) to +9.5 % (in AMR#11, cold-to-hot direction) are observed.
Each solenoid valve has an opening phase angle that corresponds to the
timing of fluid flow in its respective direction. As the magnets rotate, the
current encoder phase angle falls within the opening phase angle range
of certain solenoid valves. At this moment, these specific AMRs (3–4
AMRs in this study) share the pumped fluid flow. The degree of

Fig. 6. Distribution of relative flow resistance among AMRs under four fluid flow rates: FR 1 (88.8–108.8 L/h), FR 2 (157.7–200.8 L/h), FR 3 (260.0–286.9 L/h), and
FR 4 (332.4–362.8 L/h).

Fig. 7. Flow profiles for each AMR based on (a) real flow resistances and (b) even flow resistance.
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Fig. 8. Dynamic data illustrating the temperature span, heating capacity, as well as the cold-out and hot-out temperatures of all the AMRs for the prototype based on
(a) cold-out to hot-out adjustment, (b) biggest outlier seeking, and (c) symmetric adjustment.
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maldistribution among AMRs is directly influenced by the variation of
fluid flow among neighboring 3–4 AMRs. For instance, AMR#11 within
the AMR#10-AMR#13 group, displaying a relatively large standard
deviation, is likely to encounter significant flow unbalance.

The flow profiles for the thirteen AMRs, both with and without ac-
counting for flow resistancemaldistribution, are illustrated in Fig. 7. The
zigzag pattern on the plateau reflects the alternating distribution be-
tween 3 and 4 AMRs sharing the pumped flow. The areas bounded by the

fluid profiles and the x-axis in the positive y-region and negative y-re-
gion represent the volume of pumped fluid for the specific AMR in the
hot-to-cold direction and cold-to-hot direction, respectively. Variations
in these enclosed areas in Fig. 7 highlight both intra- and inter-AMR flow
unbalances.

Fig. 9. Temperature profiles of AMR hot-out (a, c, e) and cold-out (b, d, f) under a selected operating condition identical to that discussed in Section 3.2. The profiles
are analyzed based on (a–b) even valve setting, (c–d) identical utilization factor control, and (e–f) identical outlet temperature control. The normalized time rep-
resents the relative time over a blow period.
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3.2. Controllability evaluation of measurement feedback control

The measurement feedback control strategies are activated in the
prototype once a steady state is reached, using identical opening periods
for the solenoid valves (θ1,j = θ2,j = ⋯ = θ13,j). For brevity, a repre-
sentative case study with significant outliers is presented in Fig. 8. The
cold and hot reservoir temperatures are set at 26 ◦C and 4 ◦C, respec-
tively, with an operating frequency of 1.4 Hz.

When the solenoid valves have identical opening periods, the outlet
temperatures of individual AMRs can differ by several degrees. An AMR
with higher flow resistance will have a lower fluid flow rate and colder
cold-out temperatures, leading to a larger temperature span and reduced
cooling capacity. As the MCM temperature drops, the AMR becomes
more magnetic and is drawn towards the high-field regions of the
rotating magnet. Meanwhile, the increased flow resistance in an AMR is

usually due to lower porosity and a higher MCM fill level, which both
require more magnetic work during operation. This combination results
in increased torque required to rotate the magnet away from the cold
regenerator, thereby prolonging the time which the colder AMRs spend
within the magnetic field. This delay is because the motor cannot rotate
as swiftly under the added load. Since the flow control is position-based,
the colder AMRs receive more flow in the cold-to-hot direction, further
cooling them. Consequently, these colder AMRs receive less fluid during
hot-to-cold blows and more during cold-to-hot blows, exacerbating
intra-AMR flow imbalances, and vice versa for warmer AMRs. This sit-
uation also intensifies the maldistribution between AMRs (inter-AMR
flow unbalance). Furthermore, slight variations in the mass of MCM
across different AMRs also contribute to the dispersion of outlet
temperatures.

As illustrated in Fig. 8 (a) for the cold-out to hot-out adjustment

Fig. 10. Comparative analysis of AMR outlet temperatures under two utilization factors based on even valve setting.

Fig. 11. Heating capacity and COP prediction under various operating conditions based on even valve setting, ]identical utilization factor control, and identical
outlet temperature control.
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strategy, the deviation of AMR#4 cold-out temperature gradually de-
creases with the adjustment of valve opening periods. Subsequently,
AMR#11 becomes the primary outlier for cold-out temperatures.
Adjusting the valve for AMR#11 leads to an overall decrease in cold-out
temperatures for all AMRs, indicating improved cooling and heating
capacities. Meanwhile, the deviation of AMR#11 hot-out temperature
also decreases notably. This indicates that adjusting the solenoid valve
in the hot-to-cold direction impacts not only the cold-out temperature
but also the hot-out temperature. While the adjustment for AMR#11
reaches its limits at around 8200 s, adjustments for other AMRs
commence, resulting in further performance improvement. The heater
power, utilized to simulate cooling capacity during the test, is kept
constant to prevent temperature oscillations during control. Conse-
quently, the heating capacity increases from 178.8 W to 231.4 W (a 29.4
% increase), while the temperature span simultaneously increases from
17.9 K to 20.1 K for the solely cold-to-hot solenoid valve adjustment. To
assess the controllability of solely hot-to-cold solenoid valve adjustment,
there is a manual control pause (~1800 s) as marked in Fig. 8 (a). Be-
sides AMR#11 reaching its limits, AMR#8 still exhibits a significant
deviation in hot-out temperatures, prompting control for solenoid valves
in the cold-to-hot direction. Following the phase of cold-to-hot solenoid
valve adjustment, deviations in both cold-out and hot-out temperatures
are within 1 K, leading to an additional 1 K (21.1 K) of temperature span
and 13.4 W more in heating capacity (244.8 W, further 7.5 % increase).
This underscores that decreasing valve opening periods in the cold-to-
hot direction and/or increasing opening angles in the hot-to-cold di-
rection for the AMRs colder than average can improve the heat pump
performance.

Fig. 8 (b) shows the performance trend with the biggest outlier
control strategy. AMR#4 emerges as the biggest outlier for cold-out
temperatures, while AMR#11 is the biggest outlier for hot-out temper-
atures. In this case, both the z-score values of AMR#8 and AMR#11
exceed the threshold value, the controller concurrently adjusts these
AMRs using solenoid valves in the cold-to-hot direction. Unlike the cold-
out to hot-out adjustment strategy, it is observed that both the cold-out
and hot-out temperatures of AMR#11 can be effectively controlled
within the control limits. In this case study, adjusting the hot-out tem-
perature rather than the cold-out temperature proves more suitable for
AMR#11. While adjustments in the cold-to-hot or hot-to-cold direction
affect both AMR hot-out and cold-out temperatures, the temperatures
are predominantly influenced by the opening periods of solenoid valves
in the respective directions. Consequently, the biggest outlier control
strategy facilitates precise timing adjustments for each solenoid valve in
the multi-bed scaled-up MCHP.

The symmetric adjustment control strategy aims to simplify the
control process by utilizing half of the thermocouples (only cold-out
temperatures) and reducing the control steps (simultaneously adjust-
ing two conjugate solenoid valves). The performance results are shown
in Fig. 8 (c). A faster steady-state is achieved in approximately 7600 s,
with a temperature deviation of less than 0.5 K for cold-out tempera-
tures. Since the controller identifies outliers based solely on cold-out
temperatures, as defined by the symmetric adjustment in Section 2.2,
the hot-out temperature of AMR#8 is not flagged as an outlier and is
therefore not effectively controlled. This highlights an asymmetric dis-
tribution in the deviations of AMR cold-out and hot-out temperatures,
necessitating tailored adjustments for specific AMRs at either cold-out or
hot-out temperatures. In this scenario, the temperature span of the
MCHP using the symmetric adjustment control strategy is 20.4 K, less
than 21.0 K achieved with other control strategies.

3.3. Simulation assessment of model predictive control

The measurement feedback control method discussed in Section 3.2
exhibits prolonged control convergence times, owing to adjusting valve
settings either one at a time or multiple valves only after surpassing the
thresholds for preventing control overshooting. Given the necessity to
adjust 26 solenoid valves and to allow for waiting periods for steady
state between adjustments to prevent control chaos, the control
convergence time ranges between 7600 and 14200 s in Section 3.2. To
improve this, model predictive control provides an estimate with mul-
tiple valve settings, refined by iteratively updating model parameters
through real-time measurements. The accuracy of these valve setting
estimates directly affects the control convergence time. Fig. 9 illustrates
variations in cold-out and hot-out temperatures using even valve
opening, the identical utilization factor method, and the identical outlet

Table 1
Individual heating capacity for each AMR under various operating conditions with different frequencies (f), utilization factors (U), and cold end temperatures (Tc),
while the hot end temperatures are maintained at 26 ◦C. Qh,0, Qh,idu, and Qh,idt denote the heating capacities based on even valve setting, identical utilization factor
control, and identical outlet temperature control, respectively.

AMRs f = 1.4 Hz, U = 0.28, Tc = 4 ◦C f = 1.4 Hz, U = 0.49, Tc = 16 ◦C f = 1.7 Hz, U = 0.37, Tc = 4 ◦C

Qh,0 Qh,idu Qh,idt Qh,0 Qh,idu Qh,idt Qh,0 Qh,idu Qh,idt

#1 − 20.9 10.0 10.6 − 109.2 22.9 23.9 − 112.2 11.5 12.0
#2 11.5 10.6 10.4 95.6 23.9 23.5 78.4 12.1 11.9
#3 98.4 10.5 10.8 185.6 23.4 24.3 164.0 11.8 12.3
#4 − 227.1 10.1 10.8 − 301.3 23.0 24.4 − 300.8 11.5 12.3
#5 − 55.3 11.1 10.1 − 44.3 25.0 22.7 − 52.8 12.8 11.5
#6 − 19.1 9.9 10.3 − 63.5 22.7 23.2 − 69.5 11.3 11.7
#7 114.9 10.6 10.7 53.3 23.6 24.0 44.3 12.0 12.1
#8 120.8 10.7 10.2 321.0 23.5 22.9 287.7 12.0 11.6
#9 − 97.5 10.2 10.5 − 35.0 22.9 23.6 − 47.2 11.5 12.0
#10 − 97.8 10.6 10.4 − 170.2 24.0 23.5 − 171.3 12.2 11.9
#11 325.5 10.7 10.2 218.0 24.7 22.9 204.6 12.7 11.6
#12 − 0.6 10.0 10.0 103.1 22.5 22.6 84.1 11.3 11.4
#13 − 28.8 10.2 10.5 47.3 22.8 23.6 31.4 11.5 12.0

Table 2
Performance prediction of MCHP under various control strategies, with the same
operating conditions and flow resistance distribution as detailed in Section 3.2,
while employing different MCMs in AMR#4 with ~25 % reduction in MCE. The
properties of all MCMs were obtained through differential scanning calorimetry
(DSC) under various applied magnetic fields and validated against data from
direct measurements of adiabatic temperature change.

Parameters Even valve
setting

Identical
utilizatoin factor

Identical outlet
temperature

Frequency [Hz] 1.4 1.4 1.4
Utilization factor 0.34 0.34 0.34
Hot end
temperature [◦C]

26 26 26

Cold temperature
[◦C]

4 4 4

Heating capacity
[W]

180.1 225.3 252.8

Cooling COP 1.62 1.81 1.90
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temperature method. The inconsistencies among AMRs are employed in
the flow resistance distribution and MCM charge masses detailed in
Section 3.1. A temperature variation range of 2.3 K for cold-out tem-
peratures and 4.6 K for hot-out temperatures is observed in simulations
with even valve settings. These estimates align reasonably well with the
experimental data presented in Section 3.2. Notably, the model accu-
rately predicts the largest outliers, AMR#11 and AMR#8 for hot-out
temperatures and AMR#4 for cold-out temperatures, though some dis-
parities between model predictions and measurements exist in outlier

rankings. This discrepancy may stem from not accounting for the impact
of magnetic force on rotation speed in the model. When employing the
identical utilization factor method, temperature variation ranges for
both cold-out and hot-out temperatures narrow to within 0.03 K, high-
lighting the efficacy in temperature regulation. Implementing the sole-
noid valve settings with the identical outlet temperature method further
minimizes temperature variations. This underscores the precision in
valve setting prediction, albeit at the cost of increased computational
overhead.

Fig. 12. Temperature profiles of AMR hot-out (a, c, e) and cold-out (b, d, f) under a real flow resistance distribution, with different MCMs are applied in AMR#4. The
profiles are analyzed based on (a–b) even valve setting, (c–d) identical utilization factor control, and (e–f) identical outlet temperature control.

J. Liang et al. Energy 310 (2024) 133245 

14 



Given the complex interplay between AMR arrangement, flow
resistance, andMCM, the ranking of outliers of AMR outlet temperatures
varies across different operating conditions, as depicted in Fig. 10. For
instance, the hot-out temperature profiles under two different working
conditions reveal distinct outlier rankings. At a utilization factor of 0.28,
the top-three outliers are AMR#11, AMR#7, and AMR#1, while at a
utilization factor of 0.56, they are AMR#8, AMR#3, and AMR#12. This
highlights the need for dynamic control to accommodate the flexible
operation of MCHP, even though flow resistance can be measured
beforehand.

The performance variations in response to solenoid valve settings
based on the identical utilization factor and identical outlet temperature
methods are illustrated in Fig. 11. Compared to even valve settings, the
identical utilization factor method across selected operating conditions
shows improvements of 1.6 %–30.9 % in heating capacity and 1.2 %–
10.7 % in COP. Additionally, when the computationally intensive
identical outlet temperature method is applied, further improvements of
~0.1 % in heating capacity and ~3.5 % in COP are observed. This im-
plies that while the identical outlet temperature method offers moderate
improvements in COP, its benefit in enhancing heating capacity is
marginal. There is no clear trend of performance improvements as a
function of utilization factor and frequency. In contrast, the heating
capacity improvement increases from 1.6 % to 9.6 % as the temperature
span increases from 10 K to 22 K, highlighting the greater necessity for
applying control strategies in MCHP systems with higher temperature
spans. Another observation from Fig. 11 is that the model predictive
improvement in heating capacity is less pronounced compared to the
experimental results. This disparity arises from overestimating MCHP
performance under even valve settings due to neglecting the influence of
magnetic forces on rotation speed, which exacerbates the uneven dis-
tribution of heating capacity across the AMRs.

The mechanism of performance improvement through solenoid
valve opening time control can be visualized by comparing individual
AMR heating capacities under even valve setting, identical utilization
factor control, and identical outlet temperature control. Simulating the
individual AMR heating capacities as illustrated in Table 1, a significant
disparity in heating capacities among the 13 AMRs is observed. This
disparity primarily arises from intra-AMR flow unbalance, leading to
substantial exergy destruction. Upon applying identical utilization fac-
tor control, the variations in individual AMR heating capacities are
reduced to within 2 W. Furthermore, adopting identical outlet temper-
ature control results in nearly uniform distribution of heating capacities
across the AMRs. The slight remaining variations in individual AMR
heating capacity are attributed to differences in porosities between the
AMRs.

The primary objective of developing model predictive control is to
provide multiple valve settings in a single estimation that closely
approximate the final settings. Table A in Appendix A displays the
opening periods for all solenoid valves based a single model prediction,
derived from both the identical utilization factor method and the iden-
tical outlet temperature method, along with the valve final setting under
measurement feedback control. The differences in valve setting pre-
dictions between the two model methods are minimal (<0.3◦), indi-
cating that utilizing the identical utilization factor control—with
significantly lower computational expenses—can serve as a substitute
for the identical outlet temperature control, given that only the effects of
uneven flow resistance and MCM mass between AMRs are considered.
When comparing the valve settings predicted by the model with those
obtained from measurement feedback control, the model predictive
valve settings for significant outliers (e.g., AMR#11 in cold-to-hot di-
rection and AMR#4 in hot-to-cold direction) approach the final setting
from the measurement feedback control. However, some valve predic-
tive settings are excessive, particularly for smaller outliers, although
these variations are assumed to have a minor impact on the system
performance. Here the effective step length (n) is defined as the pro-
gressive step length from the initial valve setting towards the final

setting.

n(θestimate)=
⃒
⃒θfinal − θinital

⃒
⃒ − |θestimate − θinitial| (13)

The total step length is defined as the cumulative change in the
opening angles, measured in degrees, for all the solenoid valves from
their initial to final states (Δθcold + Δθhot). For the case studies presented
in Table A, total step lengths required for measurement feedback control
are 35 at a frequency of 1.4 Hz and 39 at a frequency of 1.1 Hz. In these
case studies, as discussed in Section 3.2, the step length of measurement-
feedback control is only 1 or 2 (for the biggest outlier and outliers
exceeding the threshold) per iteration. In contrast, the cumulative
effective step lengths using model predictive identical utilization factor
control are 14.4 (8.2+ 6.2) at a frequency of 1.4 Hz and 15.4 (8.6+ 6.8)
at a frequency of 1.1 Hz, representing approximately a seven-fold in-
crease in control convergence speed compared to the measurement
feedback control strategy. This indicates that the model predictive
method provides an efficient means for rapidly tuning parallel multi-bed
MCHP systems. With future digital twin implementation, the model
accuracy is expected to improve through periodic model parameter
updates, further reducing the required iteration steps (estimated from
(Δθcold + Δθhot)/(

∑
ncold +

∑
nhot)).

4. Discussion

Achieving suitable fluid flow across parallel AMRs is essential for
scaling up MCHP in low-carbon building systems. This study explores
the feasibility of adjusting individual fluid flow using a solenoid valving
system, resulting in heating capacity improvements of 36.9 % in ex-
periments and 1.2 %–10.7 % in modeling. A significant drawback
observed is the prolonged control convergence time with current control
strategies. Model predictive control offers a solution to expedite control
convergence by providing an initial valve setting estimation for all
valves in a single step. While the predictive valve setting of current
model achieves positive results for major outliers, it tends to overshoot
for minor ones. The limitations of this study include the absence of
model predictive magnet motion integrated with the AMR model for a
more accurate valve setting estimation. The absence of torque analysis
and precise prediction of magnet motion profiles can cause deviations in
model predictive control. Additionally, achieving precise model pre-
dictions often requires real-time measurement data training, presenting
a demand to fully implement digital twin control. To improve the
effectiveness of these control strategies, future steps involve establishing
a local supervisory control and data acquisition system capable of
storing extensive operational data and periodically validating the
model. However, model-based approaches may oversimplify un-
certainties related to data collection, such as measurement errors and
state estimations. Moreover, MCHP performance can deteriorate over
time due to component wear or changes in boundary conditions. Inte-
grating model predictive control frameworks with machine learning
algorithms can help identify potential system failures, such as compo-
nent aging, in advance.

Another limitation of this study is the absence of a techno-economic
analysis, which is necessary to evaluate the trade-off between the
additional costs of implementing various control strategies and the po-
tential operating cost savings achieved through improved efficiency. For
measurement-feedback controls, the additional cost primarily involves
thermocouples for monitoring AMR outlet temperatures, which is ex-
pected to be significantly lower than the operating cost savings from
reduced energy consumption. Future research will focus on optimizing
component costs to enable a more accurate techno-economic analysis.

The identical utilization factor control strategy assumes a uniform
MCE across the MCM in each AMR, making it ideal for systems that use
pure second-order gadolinium (Gd) as the MCM. In contrast, first-order
MCMs represent another emerging direction. However, their effective
MCE is limited to a narrow temperature range, necessitating the
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development of multi-layer AMRs in recent devices [77–79]. To achieve
a practical temperature span (<20K) for MCHP, various MCM compo-
sitions with distinct transition temperatures are arranged sequentially
along the fluid flow direction to optimize local MCE. For the commer-
cialized La(Fe,Mn,Si)13Hy MCM, a Curie temperature variation of ~ ±2
K and an adiabatic temperature change deviation of ~25 % can be ex-
pected within the same batch of existing MCMs, leading to the risk of
uneven MCE between AMRs. Scaling up MCHP with layered La(Fe,Mn,
Si)13Hy introduces challenges associated with uneven MCE between
AMRs, which can complicate hydraulic control. This complexity may
render the identical utilization factor control strategy ineffective.

Table 2 compares the performance under even valve settings, iden-
tical utilization factor control, and identical outlet temperature control
when a different batch of La(Fe,Mn,Si)13Hy with approximately a 25 %
reduction in adiabatic temperature change is used in AMR#4. Under the
real flow resistance distribution among AMRs as above and varying
MCMs in AMR#4, identical utilization factor control improves heating
capacity from 180.1 W to 225.3 W and COP from 1.62 to 1.81. Further
improvements to heating capacity (252.8 W) and COP (1.90) are ach-
ieved with identical outlet temperature control. While Fig. 12 illustrates
how identical utilization factor control addresses diverse flow re-
sistances among AMRs more effectively than MCE variation, precise
model predictive control based on identical outlet temperature becomes
improvement for complex MCHP operations with varying MCM prop-
erties. However, considering Curie temperature shifting in layered
AMRs, merely aligning outlet temperatures may result in some AMRs
operating beyond their transition temperatures. Therefore, control
strategies utilizing digitalization and optimization programs are vital for
balancing operating MCE maximization due to Curie temperature shift,
and exergy destruction minimization due to fluid mixing with different
temperatures in the manifold.

By comparing Fig. 11 and Table 2, the impact of MCM properties
across multiple beds on the overall system efficiency can be assessed.
When operating with cold and hot reservoir temperatures set at 4 ◦C and
26 ◦C, respectively, and a frequency of 1.4 Hz, the transition from Gd to
layered La(Fe,Mn,Si)13Hy as the MCM increases the heating capacity
from 152.4 W to 258.8 W, while the COP decreases from 2.68 to 1.90.
This improvement in heating capacity highlights the need to optimize
the layering of La(Fe,Mn,Si)13Hy to enhance overall efficiency.

5. Conclusions

This study investigates the challenges and opportunities of scaling up
magnetocaloric heat pump performance in low-carbon building systems.
Factors like uneven flow resistance, porosity, and magnetocaloric effect
negatively impact the heat pump efficiency in parallel multi-bed con-
figurations. Two primary control strategies, measurement feedback
control and model predictive control, were explored to optimize fluid
flow through the regenerators. Through experimental and numerical
studies, key findings include.

1. Measurement Feedback Control enhances heating capacity by
36.9 % but requires a lengthy control convergence time of at least
7600 s.

2. Biggest Outlier Seeking Control outperforms the cold-out hot-out
adjustment and symmetric adjustment strategies due to its ability to
account for complex correlations between valve settings and regen-
erator temperatures.

3. Model Predictive Control achieves positive results for major out-
liers, demonstrating the potential for faster control convergence,
while addressing overshooting for minor outliers requires further
refinement. The control convergence speed is estimated to be seven
times faster compared to the measurement feedback control strategy.

4. Utilization Factor-Based Model Predictive Control increases
heating capacity by 1.6 %–30.9 % and COP by 1.2 %–10.7 % in
scenarios characterized by uneven flow resistance and porosity, all

while minimizing computational costs. However, its effectiveness
relies on the assumption of uniform magnetocaloric effects across
regenerators.

5. Outlet Temperature-Based Model Predictive Control further im-
proves COP by ~3.5 %, accommodating uneven magnetocaloric ef-
fects but requiring increased computational resources with
stochastic search.

Despite advancements in magnetocaloric heat pumps, challenges
remain, particularly in adapting control strategies to multi-layer re-
generators with varying Curie temperatures and magnetocaloric effects.
Future work could explore advanced control methods, such as digital
twin integration, coupled with optimization algorithms such as machine
learning, to effectively manage flexible operating conditions in renew-
able energy building systems.
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