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Abstract— As the stress placed on electricity supply 

infrastructure by the ongoing electrification of heat (and 

transport) grows, as does the need for demand flexibility. 

However, the quantification of such flexibility in a real-

world setting presents numerous challenges and 

uncertainties, particularly at a domestic scale. Heating 

Hardware-in-the-Loop (HHIL) allows for the rapid 

testing emerging heating solutions under a range of 

representative real-world scenarios. This paper presents a 

novel HHIL test system, developed to assess the load-

shifting potential of a prototype Phase Change Material-

coupled ground source heat pump. The system was found 

to successfully emulate real-world heating demand 

profiles and control prototype operation effectively. Test 

results show that the prototype can implement load 

shifting of between 39 and 139 minutes with minimal 

impact on heat delivery compared to a notional base case. 

These results illustrate the ability of HHIL systems to help 

accelerate the development of innovative low-carbon 

heating solutions. 

Index Terms—demand response, energy storage, ground source 

heat pumps, HIL simulation. 

I. INTRODUCTION

The roll out of heat pumps has been identified as being a 
key part of the shift towards low carbon domestic heating in 
the UK [1]. Whilst widespread use of domestic heat pumps is 
capable of significantly reducing the carbon emissions 
associated with domestic heating, the electrification of heat (as 
well as transport) will cause significant increases in both peak 
demand and in overall electricity consumption levels, thereby 
placing significant stress on the electricity supply 
infrastructure [2].  

To mitigate these effects, researchers have explored the 
use of Thermal Energy Storage (TES) to help shift the 
electrical consumption associated with heat pumps away from 
periods of peak demand [3]–[7] through demand 

flexibility/response. Using Phase Change Material (PCM) 
storage is one method of doing so. This requires less volume 
than conventional hot water systems [8] and has been shown 
to be well suited to use with heat pumps [9]. The integration of 
PCM storage within heat pump systems can create 
inefficiencies however, and can result in the creation of new 
peaks in demand and an increase in primary energy 
consumption [3], [5]. This complexity and uncertainty makes 
the quantification of the flexibility likely to be delivered by 
such systems in real-world applications challenging. This is 
compounded by the challenges associated with consumer trials 
i.e. consumer recruitment, data collection and quality and the
inherent behavioural uncertainty associated with domestic 
heating system operation [10]. The lack of policy and 
regulatory avenues for the testing and development of 
flexibility offerings represents another  significant barrier [11]. 
The development (and future widescale deployment) of 
domestic demand flexibility from electrified heating systems 
would therefore benefit from an effective method of pre-
deployment testing and demonstration. 

Heating Hardware-In-the-Loop (HHIL) systems have been 
used to demonstrate and test heat pump systems, primarily 
focusing on their ability to facilitate the testing of technology 
performance [12]–[14] and control strategies [15]. The ability 
of HHIL testing to test system performance under real-world 
conditions makes it well suited for the assessment of domestic 
load shifting and flexibility, particularly when flexibility is not 
reliant on consumer behavior. 

This paper presents a novel HHIL test system, developed 
to validate and quantify the load shifting potential of a novel, 
prototype PCM-coupled ground source heat pump (GSHP). 
Section II describes the HHIL test system, before Section III 
describes the testing process. Section IV then describes the 
test results, before conclusions and future work are presented 
in Section V. 

II. HEATING  HARDWARE-IN-THE-LOOP TEST

SYSTEM 

The primary HHIL test system components and data flows 
are shown in Figure 1. 
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A.  Simulation Environment

HIL systems require the development of real-time 
simulation models which accurately reflect real-world test 
conditions. For the purposes of this study, a series of thermal 
housing models was developed in MATLAB/Simulink 
software (marked “1” in Figure 1), using the CARNOT 
opensource toolbox extension [16]. This allows for details of 
building fabric, climatic conditions, heating system 
characteristics and heating setpoints to be specified by the 
user. Each model consists of: 

• a heating source, defined by flow temperature, flow
rate, pressure and medium 

• a main system pump which governs the flow of heat
into the housing model 

• a housing model, which encompasses building size,
fabric, thermal performance characteristics and heat 
delivery system 

• a heating control system based on a daily temperature
profile (which governs the operation of the main 
system pump) 

Simulink models are configured to run in real-time with a 
timestep duration of 1 second. Model execution is governed 
by a MATLAB script (“2”) which passes the heat requests 
from the Simulink model to the test rig and the appliance 
under test, and in turn passes the resulting prototype outputs 
(flow temperature and flow rate) back into the Simulink 
model. This takes place on a minutely basis, with 
measurements from the test rig and prototype taken as 30-
second averages, to minimise short-term variability and noise 
in the measured data. 

B. Test rig control application

The test rig is controlled by a bespoke application (“4”), 
installed on the test workstation. This passes control signals to 
the test rig via the ‘control.xlsx’ file written by the MATLAB 

script (“3”). This file includes timestamped heating request 
signals, as well as details of the requested space heating flow 
temperature, flow/return temperature difference and space 
heating load. The application uses space heating load and 
temperature difference values to calculate the required 
flowrate to the appliance under test. 

The test rig control application also displays the 
measurements being taken from the device under test and the 
test rig itself. This includes a total of 69 separate data points, 
including temperatures, flow rates and pressures at various 
locations on both the appliance under test and the test rig. 
These are measured every six seconds and written to the 
‘measurement.xlsx’ file (“6”). 

C. Test rig

The test rig (“5”) was developed specifically to enable the 
testing of PCM-coupled ground source heat pump (described 
in the following section). It consists of a series of hydraulic 
circuits used to dissipate and measure the heat stored and 
discharged by the appliance under test: a space heating circuit, 
a chilled water circuit and a ground flow circuit. 

The space heating circuit is a pressurized hydraulic system 
that simulates a domestic emitter/radiator circuit. Water is 
circulated through the circuit to dissipate heat from the PCM 
module. Upon leaving the prototype, the heated flow 
dissipates heat to the chiller circuit via a plate heat exchanger. 

The ground loop simulates the ground array of a ground 
source heat pump. This provides the heat pump with a 
constant temperature propylene glycol-water mixture to serve 
as a heat source. The ground tank is fitted with immersion 
heaters that help maintain tank temperature to a user defined 
set-point of 5 degrees Celsius. The chilled water circuit is 
served by a dedicated process chiller and is used to maintain 
the required temperature in the ground tank and to reduce the 
temperature of the flow from the prototype to the requested 
return temperature via a mixing valve. Control of test rig 
circuits is achieved via PID controls, with requested values 

Figure 1 - HHIL system components and data flows. 



being either passed to the test rig via the control.xlsx file or 
calculated by the test rig control application.  

D. Prototype PCM-coupled GSHP

The prototype PCM-coupled GSHP has been developed by 
Kensa Heat Pumps Ltd and features a novel design involving 
the incorporation of a PCM TES module directly into the heat 
pump’s refrigeration circuit. This removes two heat exchange 
processes, increasing system efficiency when compared to 
heat pump and hot water TES being connected hydraulically. 
The compressor is a variable speed piston compressor with a 
rated capacity of 5.25kW. The PCM TES module has a phase 
change temperature of 58 degrees Celsius, but can be heated 
to a maximum temperature of 78 degrees Celsius (at which 
point it is deemed to be fully charged). 

The prototype is capable of charging the PCM module in 
advance of need and discharging when space heating is 
required, or charging and discharging the module 
simultaneously, with the compressor halting or reversing the 
depletion of the module as it discharges. 

The prototype’s smart controller – responsible for the 
calculation and implementation of load shifting i.e. the 
scheduling of the charging of the PCM module is being 
developed separately and is not within the scope of this study. 
Therefore, the scheduling of PCM charging cycles (heat pump 
compressor operation) will be defined ex ante for the purposes 
of this study. 

III. TESTING APPROACH

The aim of the testing is to quantify the duration of the 
load shifting the prototype can deliver across a range of 
representative real-world scenarios, and to match the heat 
delivery of a notional base case while doing so. It should be 
noted that the scope of the tests presented does not extend to 
the assessment of the prototype’s electrical efficiency or 
Coefficient of Performance, which will be the subject of future 
work. 

A. Test Case Development

In order to assess the load shifting potential of the 
prototype in real-world operation, a housing model was 
developed which is representative of the type of dwelling in 
which the prototype is deemed likely to be deployed.  

In order to account for the impact of ambient temperatures 
on heating demand, three separate test cases were defined, 
each with a different ambient temperature based on historic 
UK averages. Test Case 1 represents design day conditions 
(peak demand), with an ambient temperature of -2.2 degrees 
Celsius. Test Case 2 represents an average winter day (3.9 
degrees Celsius) and Test Case 3 an average spring/autumn 
day (8.9 degrees Celsius). Weather compensation was also 
applied in each instance, such that heating system flow 
temperatures ranged from 55 degrees Celsius during design 
day conditions, to 43 degrees Celsius during average 
spring/autumn conditions. The heating setpoints used in each 
test case are the same, with 21 degrees Celsius requested for a 
2-hour morning peak and a 6-hour afternoon/evening peak,

and 18 degrees otherwise. This is consistent with typical UK 
domestic heating operation [17]. 

B. HHIL tests

HHIL test cases were based on a 3-hour period, beginning 
with a 2-hour heating demand period (setpoint temperature = 
21 degrees Celsius) representative of a typical morning 
heating period, followed by an hour at a lower temperature 
setpoint (18 degree Celsius). The PCM module is fully 
charged in advance of each test (i.e. during an off-peak pricing 
period) and is discharged at the flow rate and load prescribed 
by each individual test case when called for by the Simulink 
model (i.e. during peak pricing period(s)). This represents an 
operating strategy that can provide potential cost savings for 
consumers as well as delivering flexibility. Should the PCM 
module be incapable of meeting the heat requirement alone, 
the compressor is programmed to run for the duration of the 
call in order to maintain the required flow temperature, 
thereby effectively ending the shift in load. This operation is 
triggered approximately 2 minutes before the temperature of 
the PCM module falls to within 5% of the requested flow 
temperature. 

The notional base case against which the performance of 
the prototype is to be compared involves a generic heating 
source within the Simulink model, which supplies the home 
with hot water at the temperature and flowrate associated with 
each test case. During HHIL tests, these variables will be read 
directly from the prototype. Both base case and HHIL results 
are recorded at 1-second timesteps. HHIL performance will be 
judged based on the ability of the system to control the 
prototype operation in order to match the performance of the 
base case. 

C. Quantification of potential load shift duration

For the purposes of testing, potential load shift duration 
was defined as the duration for which the PCM module was 
capable of supplying the required flow temperature and load 
without the need for the compressor. This is measured as the 
time taken for the temperature of the PCM module to fall to 
within 5% of the requested heating flow temperature, 
following a full charge. 

IV. RESULTS

A. HHIL test results

The results of the HHIL tests show that the test rig and 
prototype are capable of matching the heat demands of the 
notional base case simulation model to a high degree of 
accuracy, as shown in Table I. This is quantified using Mean 
Absolute Percentage Error and Person Correlation Coefficient. 

Table I - HHIL test results. 

Test 

Case 

Internal Temperature (°C) Heat Supplied (W) 

Mean Absolute 

Percentage 

Error 

Pearson 

Coefficient 

Mean Absolute 

Percentage 

Error 

Pearson 

Coefficient 

1 0.07% 1.000 2.17% 0.999 

2 0.01% 1.000 0.54% 1.000 

3 0.01% 1.000 0.49% 1.000 



These results show a near-perfect correlation between both 
the internal temperature trends and the quantities of heat 
supplied, with Pearson Correlation Coefficient values of 1.000 
achieved in all but one instance. Mean Absolute Percentage 
Error values show that accuracy increases as load and flow 
temperature decrease, with very little variation in internal 
temperature. This can be explained by the fact that any 
variation in flow temperature and flow rate will be lessened by 
the thermal inertia of the building fabric and the heating 

system. This effect does not apply to the quantities of heat 
supplied at each timestep, as evidenced by greater Mean 

Absolute Percentage Error values. Base case and HHIL heat 
supply profiles are shown for each of the three test cases in 
Figure 2. In Test Cases 1 and 2, the heat pump’s compressor 
was triggered during the 2-hour heating demand period, after 
41 minutes and 82 minutes respectively. This causes variation 
in the temperatures within the PCM module, to which the test 
rig must respond. Additional variation was also introduced to 
Test Case 1 by the temporary, pre-phase change drop in PCM 
temperature described above.  

B. Potential load shift duration

The duration for which the PCM TES module was capable 
of supplying the required flow temperature and load for each 
test case is shown in Table II. 

Table II - Load shift duration test results. 

Test 

Case 

Flow 

Temp. 

(°C) 

Ambient 

Temp. 

(°C) 

Space 

Heating 

Load (kW) 

Load Shift 

Duration 

(hh:mm:ss) 

1 55 -2.2 4.40 00:39:36 

2 48 3.9 3.24 01:32:09 

3 43 8.9 2.29 02:09:38 

The resulting load shift durations ranged from 39 minutes 
during design day conditions to over 2 hours during average 
spring/autumn day ambient conditions, with greater load shift 
durations achieved at lower loads and flow temperatures. 
Reducing flow temperature also enables the PCM to be 
depleted further. 

During Test Case 1, flow temperature from the PCM 
module dropped below the compressor cut-in temperature of 
57.75 degrees Celsius for a period of around 6 minutes 
immediately prior to the start of phase change, before 
rebounding once phase change was underway. This is 
illustrated in Figure 3. 

In order to utilise the latent energy obtained via phase 
change, the test was stopped once the cut-off temperature was 
reached a second time i.e. following the completion of the 

Figure 2 - Heat supply profile comparison. Figure 3 - PCM temperature during discharge.



phase change process. As a result, the prototype was 
momentarily unable to provide the required flow temperature. 

V. CONCLUSIONS AND FUTURE WORK

This paper presents a novel HHIL test system, developed 
to support the assessment of the load shifting potential of a 
prototype PCM-coupled ground source heat pump (GSHP).  

Test results validate the ability of the HHIL test system to 
emulate representative real-world load scenarios and to control 
the operation of the prototype with a high degree of accuracy, 
implementing flexibility with negligible impact on heat 
delivery when compared to a notional base case simulation. 
This underlines the ability of HHIL to accelerate the 
development of novel low-carbon heating solutions.  

The prototype PCM-coupled GSHP was found to be 
capable of enabling within-day load shifting of between 39 
mins and 129 minutes of compressor operation for the 
presented housing archetype, depending on heating load and 
ambient temperature. The use of this technology in homes 
with lower heating loads would enable greater load shift 
durations. As the load shifting potential of the prototype is 
greatest at lower loads and higher ambient temperatures, the 
scope for this technology to provide network-scale benefits is 
likely to be greatest during the beginning and end of the 
heating season, with reduced scope for flexibility during peak 
demand (design day) conditions. Any consumer savings or 
local/national electricity network benefits resulting from the 
deployment of such a solution will be dependent on how load 
shifting is scheduled and implemented, tariff design etc. 

A. Future work

Future work will involve expanding HHIL tests for longer 
time horizons and additional UK housing archetypes, in 
particular lower load (e.g. new-build) properties, as this is 
expected to yield greater load shifting potential. Integration of 
a finalised smart controller design will also enable load 
shifting behaviour and subsequent consumer/network impacts 
to be evaluated. Assessment of the electricity network impacts 
associated with widespread and clustered deployment of this 
technology will be published separately. 
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