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This paper presents an analysis and experimental investigation of the effect of integrating Phase Change Material
(PCM) within a heat exchanger within a Micro Combined Heat and Power (Micro-CHP) system intended for
residential applications. A commonly used Micro-CHP layout is replicated in a test rig to characterise the per-
formance of two alternative heat exchanger arrangements. The first is a conventional arrangement where the
exhaust gas produced by the prime mover is directed to an air-to-water heat exchanger to heat water and store it
in a tank. In the second arrangement, PCM material is encapsulated within specially designed compartments in a
heat exchanger to store part of the exhaust thermal energy from the prime mover while heating the water in the
storage tank. The time needed to heat the water and discharge heat is compared for both cases, as well as the
amount of thermal energy stored during the same operating period. The study also explored the potential to
improve the designed unit by using different PCM materials. The test results show that adding 4.7 L capacity
paraffin compartments within the heat exchanger extended the discharge time of the hot water by over 400 %,
which reflects a marked improvement in the heat storage capacity of the system. This would result in a signif-
icant increase in the viable operating period of a CHP system. The one-dimensional analysis revealed that
replacing the paraffin with ClimSel C58 PCM can reduce the charging time of the water tank by around 54 %
improve the heat storage capacity by factor of 2.35 comparing to Paraffin. The proposed heat exchanger with
encapsulated PCM has a potential in other applications such as storage of excess renewable energy or integration
with heat pumps to improve matching of supply and demand and thus flexibility of an energy system with in-
tegrated intermittent renewables.

generated can be fed to the grid. The usual ratio of heat to electricity
generation in a micro-CHP system is about 6:1 [4].

1. Introduction

CHP technology, particularly those using renewable fuels, could
form an important part of an integrated decarbonised energy system
supporting the drive towards net-zero targets. By utilising the low-grade
heat from a thermal power cycle, CHP technologies can achieve thermal
efficiency approaching 90 % [1,2]. Micro-CHP refers to systems with an
electricity generation capacity of less than kW, mainly used in domestic
applications as a replacement for fossil fuel-fired boilers [3]. Various
micro-CHP technologies have been deployed such as those based on
micro-gas turbines, internal combustion reciprocating engines, Sterling
engines and fuel cells. The main function of the micro-CHP systems for
residential applications is to generate heat, while the excess electricity

* Corresponding author.

In the UK, the number of installed CHP plants has increased in the
last two decades. Meanwhile, unstable prices of electricity and gas, the
lack of heat distribution networks and insufficient governmental in-
centives form an obstacle that hinders the expansion of CHP installations
[5,6]. Hence, further innovations and development of CHP systems
could support overcoming some of these issues through providing low
carbon, low running cost and secure energy supply systems. This
research is focused on improving the heat storage capacity of micro-CHP
systems by adding PCM compartments to the exhaust heat exchanger.
This significantly improves the heat storage capacity of the system, re-
duces the size of the required water storage tank, and reduces the
operating time of the prime mover to provide the heating needs for a
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Nomenclature

Letters

h Average heat transfer coefficient (W/m2K)
k Thermal conductivity (W/m.K)

Q Heat transfer rate

m Mass flow rate

Gy Constant pressure heat capacity

p Density

T Temperature (K)

R Thermal Resistance

h Convective heat transfer coefficient

Greeks

n Dynamic viscosity (m2/s)

@ The polar angle between the riblets cusp and the rotor axis
Subscripts

air air
in Inlet
out Outlet
Total
1-6 Referring to points T1-T6 in Fig. 7
Abbreviations

CHP Combined Heat and Power
DAQ Data Acquisition

HE Heat Exchanger

NI National Instruments

PCM Phase Change Material

RTD Resistance Thermometer

SCADA  Supervisory Control and Data Acquisitions
TES Thermal Energy Storage

TESHE Thermal Energy Storage Heat Exchanger

particular application.

For CHP systems to replace the boiler at residential premises, they
should adapt to effectively meet the fluctuating demand for hot water.
CHP units without thermal storage cannot respond quickly to changes in
heat demand, therefore, a thermal storage unit is typically added to the
system to improve its flexibility and to cope with the variation in heat
load [7-9].

The techno-economic assessment of the advantages of integrating
TES with CHP plants has been studied by a number of researchers.
Lepiksaar et al. [10] investigated analytically the effect of coupling a
CHP plant with Thermal Energy Storage (TES) tanks of different ca-
pacities ranging from 3000 to 150,000 m®. The study compared the
different arrangements in terms of gas consumption and heat rejection
reduction. The ability to store the excess heat during low heat demand
periods and to utilise this heat when the demand is high or when the
electricity price is high provides extra operational flexibility to the CHP
plant. The results of this study show that natural gas consumption can be
reduced by 19 % and heat rejection by 26 % when the CHP plan is
coupled with a 150,000 m® thermal storage tank.

Volkova et al. [11,12] assessed the economic and environmental
benefits of TES with a CHP-based district heating plant. The thermal
power rating of the CHP plant in the study was 76 MWipermal and the
storage tank capacity varied from 1000 to 30,000 m® The results
revealed that the TES integration has a positive effect on the economic
indicators of the plant (net present value and internal return rate). On
the environmental side, using a TES of water tank capacity of 30,000 m®
leads to 30,000 tonnes of CO2 savings in two weeks of operation.

Verda et al. [13] evaluated the cost reduction and energy saving that
can be achieved by integrating TES with a CHP plant used for district
heating. They found that integrating TES results in a reduction of the
total operating hours of the system and energy consumption of the Plant
dropped by 12 %, and the reduction in the total operational and capital
costs can reach up to 5 %.

Fragaki et al. [14] studied the economics of a CHP plant operating
with a gas engine and thermal storage based on British market condi-
tions. They identified the most economically feasible size for a plant
used for district heating of a thermal load of 20,000 MWh per year is a 3
MWe gas engine with a 215 m® thermal storage vessel. The economic
analysis of the optimum plant configuration reflects that the integration
of TES can double the return on investments compared with the same
CHP plant without TES.

The studies on the viability of thermal storage were not limited to
large CHP plants. Many researchers investigated the benefit of using
thermal storage in micro-CHP systems. Johara et al. [15] experimentally
studied the effectiveness of a micro-CHP system that uses an
Erythritol-filled shell and tube heat exchanger as a thermal storage

reservoir. The addition of thermal storage reduced the specific fuel
consumption which resulted in a drop in the CO5 and NO4 emissions.

To estimate the effect of adding TES on the sizing and performance of
micro-CHP systems, Pérez-Iribarren et al. [16] studied a number of ar-
rangements for micro-CHP systems (including CHP without TES
configuration) to determine the layout with the highest performance.
The study showed that connecting the TES directly to the CHP and the
utility equipment which allows simultaneous charging and discharging
of the unit results in the highest thermodynamic performance and the
largest economic revenue.

The operating temperature for the residential hot water utilities lies
between 65 and 85 °C which makes water the best candidate for a heat
storage media as it can be directly connected to those utilities without
the need to have an extra heat exchanger added to the CHP system.
Moreover, water is nontoxic, cheap and has a relatively high specific
heat capacity. All of those made water the most used thermal storage
material in residential CHP units [17].

Phase change materials have recently gained popularity amongst
researchers as a potential thermal storage media. These materials utilise
the latent heat stored during the transition from one phase to another
which enables a greater amount of heat to be stored or ejected per unit
volume [18]. This high energy density of the PCM materials leads to
reducing the overall weight and size of the CHP units, which results in
saving space in the residential premises. This could be of particular
importance in crowded urban locations where space availability is
limited, and space cost is high. In comparison with water, PCMs such as
paraffin wax PHC6568 can store the same amount of energy by occu-
pying around 31 % less volume, while PCM salt such as H105 can store
the same amount of energy by occupying around 64 % less volume [19].
several researchers have explored the effect of adding PCM to solar
water storage tanks on the energy density and discharge time. Fazilati
et al. [20] were able to achieve a 25 % elongation of the energy
discharge time by adding Paraffin wax capsules to the water storage tank
with a volume fraction ratio of 55 % (Paraffin/water). In a different
study, Cabeza et al. [21] achieved a 16.4 % increase in energy density by
adding a granular graphite compound to a water tank with a volume
fraction ratio of 4.1 % (PCM/Water).

Previous studies have focused on investigating the feasibility of
integrating thermal storage with CHP systems and the impact of adding
PCM to water storage tanks. The present work studies experimentally
and analytically the behaviour of a new design for a heat exchanger with
embedded PCM compartments intended for integration with a CHP
system for residential building heating applications. The proposed
design aims to enhance the Micro-CHP systems’ operational flexibility
and thermal storage capacity, reducing the system size and cost and
extending the CHP prime mover’s life.
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2. Methodology

As pointed out earlier, this study aims at characterising a new design
for a heat exchanger with embedded PCM for Micro-CHP systems.
Hence, the storage unit was built and tested under operating conditions
similar to those found in domestic Micro-CHP systems. The test results
then were analysed and verified using a non-dimensional model for heat
transfer in the heat exchanger compartments.

Section 3 discusses the design of the thermal storage and PCM ma-
terial selection. Section 4 explains the layout of test rig, operating con-
ditions and the measurement system used in the experiments.

3. Thermal storage unit

Micro-CHP systems for residential and small businesses are designed
to be as compact as possible, ideally to occupy the same volume as
conventional boilers. This was the motivation to investigate new designs
of thermal storage units. With the current development of additive
manufacturing techniques, it was possible to design a Thermal Storage
integrated into a Heat Exchanger (TESHE). In this case, the need for a
separate thermal storage unit is eliminated which reduces the size and,
potentially, the cost of the whole system. Fig. 1 shows the designed
prototype, where the exhaust air passes through the vertically aligned
channels. They are bounded by the water chambers from one side and
the PCM chambers on the other side. In this prototype unit, 18 ther-
mocouples are placed at different heights to measure the temperature of
the PCM at various locations to have a better understanding of the
thermal unit behaviour by mapping the temperature distribution within
the PCM material. The water in this unit flows in the vertical slots as
well, and it flows in the same direction as the air. This specific design of
the unit aimed at maximising the size of the PCM chambers. The ma-
terial of TESHE was chosen to be Inconel 718 as it doesn’t react with the
chosen PCM material. The structural dimensions of the TESHE unit are
listed in Table 1.

3.1. PCM material selection

The selection of a suitable Phase change materials (PCMs) is crucial
in the design of TESHE for heating applications as they are restricted to
certain temperature range and storage capacity [22]. As the largest
portion of heat storage happens during the melting of the PCM, thus the
melting point of the selected PCM must be close to the target operating
temperature of the working fluid used in the heating system, which is
water in residential heating systems. Heating systems are normally
operated at water temperature between 80 and 60 °C [23], consequently

——Air passage

7 4 ) :\i&:% [~Water passage
A "“‘i? “\*PCM passage
7 s/ 7| f "‘n) |

A > 1}

(;/ B

\

Temperature sensor holes

‘Air Outlet

Fig. 1. City University of London’s thermal storage unit.

‘Water Inlet
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Table 1
Structural details of the TESHE unit.

Component Dimension

Unit Dimensions (excluding inlet and discharge
converging and diverging diffusers)
Water compartment volume

Lx W x H (200 x 210 x
180) [mm]
0.65 [litre]

Water passage width 2 mm
Air passage width 3.5 mm
PCM passage width 15 mm
PCM compartment volume 4.7 [litre]
Air inlet/discharge pipe diameter 2 [inch]

the PCM must have a melting point in the same range. Compatibility is
another important aspect when selecting the PCM, where chemical re-
actions need to be avoided between the PCM and the encapsulation
material [24]. For this purpose, Paraffin wax (PHC6568) has been
selected to serve as a storage media. This material is commercially
available, low price compared to other PCM materials, has stable ther-
mophysical properties, disposable and non-toxic which make it easy to
handle during preparation for testing [25]. Paraffin PHC6568 melting
range is 64-66 °C and its latent heat storage capacity is 187354 J/kg.
Table 2 presents the thermophysical properties of this material [26].

4. Test rig

A test rig has been developed to experimentally characterise the
behaviour of the TESHE at different operating conditions. Fig. 2 shows a
schematic drawing for the test rig setup. The test rig was built to mimics
the same setup for a CHP system integrated with a heating water circuit.
The hot exhaust gas stream was replaced by a stream of air supplied by
the workshop air supply. Supply air is then heated to the desired tem-
perature via a 40 kWe electric heater before entering the TESHE. The
water circuit is represented by a storage tank and a pump to circulate the
water in the TESHE. A view of the test rig is shown in Fig. 3.

To perform this test, cold air supply is driven through the heater to
increase its temperature and is then blown down the TESHE. At the same
time the water pump starts circulating the water in the water circuit. The
Supervisory Control and Data Acquisitions (SCADA) system based on
Lab-VIEW software and National Instruments™ hardware were used in
the test rig. The output power of the heater and the air flow regulator
valve were controlled using the voltage and current signals generators in
the SCADA system, which provides control over the temperature and the
flow rate of the air stream entering the TESHE. Whilst the pump was
operated at constant flow rate mode to reduce the number of variables in
the test procedure.

The test procedure comprises of two phases that are the charging and
discharging of the water tank. In the charging phase, the water tank is
being heated from the room temperature to reach around 70°C (store
thermal energy). During the charging process the cold supply air is
heated by passing through the heater coils and blew down the heat
exchanger while the water circuit is running. In the discharge process,
the energy stored in the water tank is removed by cutting off the power
supply of the heater and allowing the cold air to pass through the TESHE
till the water tank temperature drops below 40 °C.

Table 2

Paraffin wax PHC6568 properties [26].
Material Property
Melting range 64-66 °C
Latent heat capacity 187 kJ/kg
Viscosity @ 100 °C 5.0-7.0 cSt
Density solid 829 kg/m3
Density liquid 789 kg/m3
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Fig. 2. Schematic for the test rig layout.

Fig. 3. TESHE test rig.

4.1. Measurements

As stated earlier, this experiment aims to characterise the TESHE unit
and examine the feasibility of integrating a thermal storage material into
the heat exchanger used in CHP systems. This requires measuring the
temperature of the air and water streams at the inlet and discharge of the
TESHE and the temperature of the PCM during the charging ad dis-
charging phases. Furthermore, the mass flow rates of the air and water
streams and the pressure drop across the unit are required.

For this purpose, 18 k-type thermocouples were inserted at various
depths in the PCM chambers (see Fig. 1). This type of thermocouples is
not the highest accuracy among the common thermocouples, but it has a
high temperature range which allows testing the unit using higher
melting temperature PCMs. The temperature of air at the inlet and
discharge of the TESHE was measured using another k-type thermo-
couple, while the water stream at the inlet and discharge of the unit were
measured via resistance thermometers RTD PT100 which offer better
accuracy. The thermocouples and the RTDs signals were logged to a
computer through a National Instruments (NI) 9213 and 9217 Data
Acquisition (DAQ) modules respectively. These modules have a high
accuracy in reading the temperature (+0.02 °C) when operating at room
temperature (23 °C). All the thermocouples were calibrated using a dry
block calibrator. The calibration data were implemented in the software
and the final reading was displayed to monitor the measurements during
the test.

During the test, the operating air pressure was measured at three
stations: after the flow meter and at the TESHE inlet and discharge ports.
The first one is required to calculate the mass flow rate of air and the
other two are for determining the flow condition and calculating the
pressure drop in the unit. After the flow meter, the static pressure was

Energy 300 (2024) 131606

measured using 3 mm tube attached to the wall of the pipe. At the inlet
and discharge ports of the TESHE, the total pressure was measured using
a total pressure probe aligned with the pipe centre line. For both mea-
surements, current output gauge pressure transducer with operating
range from O to 2 bars absolute were used. The outputs of all the
transducers were logged to the computer through NI 9203 DAQ. This
module has eight channels to read 4-20 mA signals with accuracy of
+0.02 mA when operates at the room temperature. The vortex flow
meter Rosemount 8800d was used to measure the air flow rate. The
output signal of this device is 4-20 mA, and its accuracy is +9.5e-4 m3/
.

5. Results and discussion

As mentioned earlier, the main purpose of this study is to investigate
the effect of adding thermal storage capability to a heat exchanger used
in a micro-CHP unit. For this purpose, the storage unit was initially
tested as a Heat Exchanger HE (air-water) without adding the PCM and
then it was tested as TESHE (air-water- PCM). The test operating con-
ditions are listed in Table 3. Different performance parameters were
monitored in the test including the air pressure drop in the unit, heat
transfer rate, and charging and discharging times.

Fig. 4 shows the inlet air and the water tank temperatures during the
charging phase for both cases (HE and TESHE). The results show that the
production of hot water is not affected by adding the PCM into the heat
exchanger. That is, the time need to raise the water temperature in the
tank to a certain level is the same in both cases. Once the TESHE is
designed to utilises the exhaust air from a power generation, the results
confirm that the power generation unit doesn’t require to operate for
extended time period to charge the hot water tank.

Fig. 5 shows the inlet air and the water tank temperatures during the
discharge phase for both units. The discharge process started by cutting
off the power supply of the heater and allowing the cold air to pass
through the TESHE till the water tank temperature drops below 40 °C. In
the case of HE, the discharge time was 266 s, while in the case of TESHE
the unit discharged in 1431 s this represents 438 % increase in the
discharging time without affecting the charging time. This result can be
seen in Fig. 6, where the heat transfer rate from the air during charging
process is greater in the case of TESHE, which allows storing a larger
amount of energy without affecting the water tank charging time. The
heat transfer rate in Fig. 6 was calculated using equation (1).

Quir = maircp_air (Tair_in - Tair_out) (1)

Where Qq;- is the heat transfer rate from the air stream [Watt], mg; is the
air mass flow rate [kg/s], C,_qr is the air specific heat capacity [J/kg.K]
and Tgir_out, Tair_in are the air temperature at the discharge and inlet of
the HE respectively [k].

To investigate this further, a steady state one-dimensional resistance
model of the unit was developed. Fig. 7 shows a cross-sectional view of
the heat exchanger compartments, where the exhaust Air passage is
bounded by the PCM compartment from the right and with the water
passage from the left. The following assumptions were made.

1 The aspect ratio (height of the passage to it thickness) is large enough
to assume one dimensional heat transfer in the lateral direction of the
unit.

Table 3

Test operating conditions.
Variable Property
Test cell temperature 22 °C
Water flow rate 6 liters/s

Air Flow rate 215 g/s
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2 The materials used (Inconel, paraffin, water, and air) have homog-
enous properties.

3 The effect of radiation has been neglected because of the small
temperature difference and low temperature values.

For a steady-state, one-dimensional heat transfer from air to water
through metal wall, PCM slap and wall in series, the rate of heat (Q)
transferred due temperature gradient is the same across each section.

Q1—2(conv) = Q2—3(cond) = Q3—4(cond) = Q4—5(cond) = Q5—6(conv) (2

Where station 1-6 are referring to points T1-T6 in Fig. 7. In this case,
the total thermal resistance (R, rgsyr) between point 1 and point 6 is
given as:

R _tesue =Ry +R2 + R3 + R4 +Rs 3)
1
Ri=y ©)
R, =Ry = ll (5)
2=Ra =1
l
R3 _ kPCM (6)
PCM
1
Rs =, )

Where h; and hg are the convection heat transfer coefficient at the air
and water sides respectively. I, is the metal wall thickness and lpcy, is the
PCM slap thickness. k,, and kpcy are the thermal conductivity of metal
and PCM, respectively.

In the case of HE with no PCM, air replaces the PCM slap, and the
heat is mainly transferred via convection. Thus, the total thermal
resistance can be calculated using equation (8). Table 4 lists the values of
k and h used to calculate the total resistance.

Rim=p + it p e+ ®

For heat transfer from the air to water through the metal wall (left
side of air passage, refer to Fig. 7), the thermal resistance is not affected
too by adding the PCM, thus it was not considered in the comparison.

In the case of TESHE the total thermal resistance was calculated to be
0.042 [mz.K/W], and in the case of HE it was 0.1473 [m2.K/W]. This
reduction in the thermal resistance explains why the water tank
charging time wasn’t affected even though part of the air thermal energy
was used to raise the PCM temperature.

To examine the accuracy of the one-dimensional model, the heat
transfer rate was calculated using the model and compared with the
experimental data. The resulting values are plotted in Fig. 8, where it
can be seen that the 1-D model results are very close to the experimental
results.

It can also be noticed that once the temperature difference di-
minishes the heat transfer rate approaches zero in the case of the 1-D
model whilst the experimental calculations doesn’t. This result is ex-
pected as the 1-D model uses the temperature difference between the air
and water (Tq, T, refer to Fig. 7) to calculate the heat transfer rate but in
the experimental case, the air inlet and discharge temperatures were

Table 4
Test operating conditions.

Variable Property

hy (air side) 300 [W/m%K]
he (water side) 950 [W/m2K]
hs 7 [W/m*K]
ky, (Inconel 718) 15 [W/m.K]
kpeum [solid] 0.2 [W/m.K]
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used (refer to equation (1)). This also can explain the higher heat
transfer rate resulting from the experimental measurements, where the
heat transfer gained from the inlet and discharge temperature includes
the heat losses to the ambient as the TESHE unit wasn’t insulated during
the test.

To extend this study further, the 1D model was used to study the
effect of using different PCM material suitable for the same application.
Table 5 lists the material considered for the study and their properties.

Starting with the charging time, Fig. 9 shows effect of changing the
PCM on the total thermal resistance between the hot airstream and the
water for each material (refer to equation (3)). It is evident that using
varying the PCM material can reduce the charging time by reducing the
thermal resistance between air and water streams, thus using PulselCE-
S70 can reduce the resistance by 58 % compared to Paraffin wax.
Similarly replacing Paraffin with ClimSel C58 results in 54 % reduction
in thermal resistance. Another important aspect to study, is the thermal
energy storage capacity of the unit using different PCMs. Fig. 10 shows
that Paraffin has the lowest storage capacity amongst all the PCMs under
consideration, whilst ClimSel C58 has the highest capacity. Considering
both factors, thermal resistance of the unit and its capacity, it is clear
that using ClimSel C58 can reduce the charging time of the water tank
and ramp up the heat storage capacity by factor of 2.35 compared to the
tested unit.

6. Conclusion

In this paper, a heat exchanger with embedded PCM compartments
was tested experimentally to study its thermal characteristics and its
capability to improve CHP systems’ performance. From this study, the
following conclusions can be drawn.

e Adding PCM to the heat exchanger resulted in improving the thermal
storage capacity of the system, which reflected on extending the
discharge time for the unit from 266 [s] to 1432 [s] which is 438 %
increase in the discharge time.

e With the improvement in thermal storage, adding the TESHE reduces
the size of the water storage tank of the CHP unit compared to same
unit with conventional HE, which will result in cost and size reduc-
tion of the system.

Table 5
PCM materials’ properties.
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Total Thermal Resistance [m2.K/W]
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Fig. 9. Total thermal resistance (R;_rgsur) between point 1 and point 6 within
the thermal storage for different PMC material.

Energy Storage Capacity [kJ]

Fig. 10. Total thermal energy storage capacity for the TESHE.

e Paraffin wax was use as a PCM for its safety, availability and price
compared to other PCM candidates, but the one-dimensional analysis
revealed that replacing the paraffin with ClimSel C58 can reduce the
charging time of the water tank and ramp up the heat storage ca-
pacity by factor of 2.35 comparing to Paraffin.

o The current design of the TESHE wasn’t optimised to either reduce
the pressure drop nor to maximise the heat transfer between the
exhaust air stream and both water and PCM. In the coming studies,
the design will be studied numerically to identify possible im-
provements to the design which would pave the way to optimise the
HE geometry and to maximise its performance, reduce its size and
reduce pressure losses.
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