#% ASIA-PACIFIC
™ ¢ SOLAR RESEARCH CONFERENCE 3-5 Dec 2024, Sydney

Improved time-series modelling of Air Source Heat Pumps for water heating.

Abstract

Air Source Heat Pumps used in domestic water heating are being heavily incentivised such that
there has been a 600% increase in Australian installations in the past 4 years. The technology is
identified as key in reducing supplementary energy for the supply of thermal loads. The modelling
methods used to quantify the energy savings have historically made a number of assumptions that
limit the accuracy of the obtained results, leading to consumer energy savings being less than
those calculated. This paper details modelling improvements made to accurately represent the
load cycle energy savings of ASHP based on measured system performance data for water
heating applications.

Introduction

As the globe transitions from fossil fuels to renewables, there are a diverse set of actions that need
to be undertaken. Energy efficiency, renewable energy generation, storage and demand
management are all key, however some of the easiest transitions that can be undertaken are
energy efficiency upgrades at the same time as switching source fuel. Heat pumps (both space
and water heating) are identified as mature technology and the International Energy Agency
predicts heat pumps could globally reduce CO2 emissions by at least 500 million tonnes in 2030
with an installed capacity of 1000 GW in 2021 increasing to 2600 GW in 2030 [1].

In an Australian context in the past 4 years, the sales of ASHP’s for domestic water heating has
increased by 600% [2]. This rapid uptake has been supported through multiple federal and state-
based rebate schemes, incentivising consumers to install ASHP’s as opposed to conventional gas
or electric storage water heaters.

Key to all incentive schemes is that the deemed abated energy is attainable by the consumer, and
as such the energy savings are real. In the past 4 years in Australia, 308,545 ASHP’s have been
installed which in theory will abated 8.19 million MWh of supplementary energy over the lifetime of
the ASHP’s [2]. With the substantial size of the market, it is critical that the calculated energy
abatement is accurate and reflects the thermal load of the typical consumer. Standards Australia
and Standards New Zealand have develop methodology to simulate the energy consumption of
ASHP water heaters in domestic application through the release of Australian/New Zealand
Standard AS/NZS 4234 [3] and the consequential use of Australian/New Zealand Standard
AS/NZS 4692.2 [4] (standing heat loss) and Australian/New Zealand Standard AS/NZS 5125.1 [5]
(ASHP performance characterisation). These standards are referenced by both federal and state
regulators.

There are significant shortfalls within the current regulatory framework that need addressing. A
substantial over-inflation of real-world energy savings is due to most ASHP’s being modelled using
assumed thermal loads representing 4-5 household occupants, whereas the average Australian
house has an occupancy of 2.3 people [6]. Whilst this inaccuracy and others can be addressed
through regulatory changes, there is also a requirement to upgrade the modelling techniques so
that emerging improvements in ASHP such as micro-channel condensers can be accurately
assessed.

Whilst the characterization of an ASHP can be accurately determined through testing standards
such as Australian/New Zealand Standard AS/NZS 5125.1 [5] or Comite Europeen De
Normalisation EN 14511 [7], it is a challenge to convert limited ASHP test data to real world
energy consumption. The consumed electrical energy and subsequent thermal energy supply is
continually changing, as a function of ambient conditions (dry and wet bulb temperatures),
condensing temperatures (partially dictated by stored water temperatures for ASHP water heaters)
and is further complicated when considering variable speed compressors and fans and advanced
controllers. Whilst some regulatory schemes try to publish COP and electricity consumption, these
are meaningless to consumers. All ASHP, have their COP and power constantly varying due to
changing operating conditions. To obtain a meaningful energy assessment of the ASHP, a time
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series simulation is required, that considers all variable operating parameters that impact ASHP
performances. To quantify the load cycle performance of ASHP’s with condensers integral to the
storage tank, there needs to be a new methodology to accurately determine the portion of ASHP
net thermal energy injection into each section of the storage tank. Clift, Leerson [8] developed a
methodology to apportion the energy injection into the tank based on an assumed condensing
temperature that was typically 10°C higher than the average stored water temperature adjacent to
the condenser. This approach gave reasonable results however a more accurate method is
required that computes the dynamic variation of the condensing temperature during load cycle and
re-heat operation.

In this paper we demonstrate that through analysis of the thermal resistance from condensing
refrigerant to the stored water, with knowledge of the thermal power delivered from the ASHP
through established characterisation methods it is possible to accurately predict the condensing
temperature and thermal stratification and hence dynamic operation of the ASHP. This revised
methodology along with other improvements have been released as an upgrade to the TRNSYS
extension package TRNAUS [9]

Methodology

The performance characteristics of an air source heat pump water heater can be quantified using
Australian/New Zealand Standard AS/NZS 5125.1 [5]. The performance of a heat pump is
determined by operating the product under a range of controlled environmental conditions
and measuring the electrical power input and the thermal energy output in the form of stored
and delivered heated water. The variation of COP (see Equation 1) and electric power (see
Equation 2) over the operating conditions are determined experimentally so that the results
can be used in annual performance calculations of heat pump applications for sanitary hot
water supply applications.

ol il _— Equation 1
COP =ag+a; (T, — Tp) + ay(Ty, — Tp)? + a5(Toyer — Tap) )
Power =po +piT,, + 2T +psTa (kw) Equation 2
Where: -

a; and p; |coefficients determined by curve fitting functions to test data

Power |overall electric power input averaged over the test point period |(kW)

T. ambient air temperature averaged over test point period (°C)

po air dew point temperature averaged over test point period (°C)

T et air wet bulb temperature averaged over test point period (°C)
Integral heat pump—

Ty |mass weighted mean of temperature of tank segments adjacent |("C)
to condenser coil, averaged over the test point period

Using the method defined in Australian/New Zealand Standard AS/NZS 5125.1 [5] the net thermal
delivery of the heat pump to the water can be determined in real time, however where the
condenser is integral with the storage tank and covers a sizeable depth of the tank, the location of
the thermal injection needs to be accurately determined to model the thermal stratification within
the storage tank.

As the bulk of the energy transfer occurs in the condensing zone of the refrigerant condenser, the
heat transfer over the depth of the condenser can be approximated by a constant (condensing)
source temperature on the refrigerant side of the condenser tubing/tank wall system.
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In the new TRNAUS type104 tank model three condenser configurations shown in Fig 1 are
considered.

¢ micro-channel condensers (Mode = 4),
e wrap-around tube condensers (Mode = 5),
e submerged coil condensers (double walled tube) (Mode = 6).

Fig. 1 Micro-channel condenser (mode 4), wrap around condenser (mode 5) and submerged
condenser (mode 6)

The total heat transfer (Q) is given by the measured COP (Equation 1) and Power (Equation 2)
from Australian/New Zealand Standard AS/NZS 5125.1 [5] for the heat pump/tank system (See
Equation 3).

Q = Power X COP (KW) Equation 3

The heat transfer is portioned between the tank segments by assuming a constant refrigerant
temperature (condensing temperature) in the condenser. This model will under-estimate the heat
transfer to tank segments covered by the super heat section of the condenser and will
overestimate the heat transfer to tank segments covered by the sub-cooling section of the
condenser. This modelling approach achieves the correct overall heat transfer but will
underestimate the thermal stratification in the tank and hence slightly underestimate the product
performance. As the proportion of the heat transfer in the superheat and subcooling sections of
the condenser is typically less than 15% of the overall heat transfer, the impact of the
simplifications in this model will result in only a small error in determining product performance.
The condenser temperature is determined from the characterised thermal injection (Equation 3)
and the known thermal resistance from the refrigerant to the bulk water within the storage tank.

For a constant temperature in the condenser (refrigerant condensing temperature Tcon) the heat
transfer to each segment of the tank is given by Equation 4.

g = (TCO,;S Ti) (KW) Equation 4
where
gi = heat transfer to tank segment i
Ri = Thermal resistance between the condenser and the tank contents
Teond = refrigerant condensing temperature
Ti = temperature of tank segment

For a condenser spanning tank elements N, to N; the total heat transfer is given by Equation 5
where N, and N; are the physically lowest and highest condenser node numbers.
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— \V'N2 (Tconda—Ti) Equation 5
Q=2Ni"p (kW)

i
If the thermal resistance of each segment is the same, the total heat transfer is given by Equation
6.

(N2=N1+1D)Tcond 25 Ti Equation 6
Q= (kW)
R;
The condenser temperature is thus given by Equation 7.
Equation 7

QR; n xTi
N2—-N1+1 N2—-N1+1
0r Toona = Q.R+ T

where Q is the total heat transfer (COP * Power), R is the thermal resistance of the total heat
transfer area and T is the average water temperature over the depth of the condenser on the tank.

Teona =

Energy is added to each tank segment (Q;) covered by the condenser using Equation 8 as
developed by Clift, Leerson [10].

— QX[Tcond—Til Equation 8
Qi - Ny
[TconchNCn_zN1 Ti]
(kW)

Where T,,,4 is the condensing temperature, T; is the temperature of the node in question and N,
is the number of condenser nodes.

The heat transfer (heat loss) from either the stored water or the refrigerant to the environment is
assessed using the tested heat loss [4] which delivers the thermal resistance from the stored water
to the environment (UA). For integral condenser tanks where the condenser is on the outside of the
tank wall (modes 4 & 5), when the heat pump is operating, the heat loss is calculated using the
tank UA and the temperature difference between the condensing temperature and the environment
temperature, for tank nodes that are covered by the condenser. In all other nodes and for all nodes
when the heat pump is not operating, the heat loss is determined using the temperature
difference between the stored water and the environment temperature.

To determine the thermal resistance R; (see Equation 4) from the refrigerant to the water, there are
a number of series and parallel thermal transfer paths that need to be considered as shown in
Table 1. Each of these thermal paths can be represented by geometric or material properties that
accurately represent the product design being tested and subsequently modelled.

Table 1 Thermal resistance for each condenser type.

Micro-channel condenser
(mode 4)

Wrap around condenser
(mode 5)

Submerged condenser
(mode 6)

Condensation heat transfer
inside the micro channels.

Condensation heat transfer
inside the tube.

Condensation heat transfer
inside the condenser tube.

Conduction through the

walls of the micro channels.

Conduction resistance through
the tube wall including fin effect

of the tube wall.

Conduction through the inner
wall of the condenser tube.

Conduction through the
bonding material between
the micro channel and the
tank wall.

Conduction through the bonding
material between the tube and

the tank wall.

Conduction through the
connector between the inner
and outer tubes.
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Conduction through the
tank wall.

Conduction through the tank
wall including direct transfer
through the tank wall and fin
effect of the tank wall between
the tube spiral windings.

Conduction through the outer
wall of the condenser tube.

Conduction through the
enamel layer on the inside
of the tank wall (if
applicable).

Conduction through the enamel
layer on the inside of the tank
wall (if applicable).

Conduction through the
enamel layer on the outer
wall of the condenser tube (if
applicable).

Convection heat transfer
between the enamel layer
(or tank wall) and the water
in the tank.

Convection heat transfer
between the enamel layer (or
tank wall) and the water in the
tank.

Convection heat transfer
between the outer face of the
enamel layer (or HX outer
wall) and the water in the
tank.

Results

A comparative study was undertaken to compare the tested product vs the derived modelling. A
280L ASHP with an integral micro-channel condenser was tested to Australian/New Zealand
Standard AS/NZS 5125.1 [5] test condition 2. At the completion of test condition 2 (representing a
heatup cycle), a large draw off was applied until the HP commenced a re-heating cycle. The draw
off was stopped as soon as the HP re-commenced operation and the temperature profile in the
tank water was recorded as specified in [5] (Tank 1 (top) to Tank 6 (bottom) sensors) with the
additional recording of the condensing temperature of the refrigerant at the midpoint of the
condenser height (T,.,,4)- The results of this testing are shown in Fig. 2. A simulation model
based on the new type104 tank routine was built that replicated the test conditions used during the
measurements shown in Fig. 2. The simulation results are shown in Fig. 3.

70 4

60 A

50 A

40 4

30 4

Temperature (deg C)

20 A

P —Tank 1 Tank 2
Tank 3 Tank 4
10 1 Tank 5 Tank 6
—Tcond
0 T r T T T
0 1 2 3 4 5 7 8 9
Test time (hr)

Fig. 2 Test data of micro-channel condenser heat pump to Australian/New Zealand Standard
AS/NZS 5125.1 [5] test condition 2 with subsequent draw-off and reheat.
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Fig. 3 Simulated conditions of micro-channel condenser heat pump to replicate that shown
in Fig. 2.

Discussion

1. Initial heating cycle comparison

The initial heat up cycle of the tested ASHP demonstrated a near isothermal tank stratification for
the period of compressor operation. The lowest sensor in the tank (Tank 6) showed a lower
temperature than the upper sensors, due to a lower refrigerant temperature in this portion of the
condenser (sub-cooling). The condensing temperature naturally increased as the water
temperature increased (resulting in the COP of the HP decreasing). It was also observed that the
driving temperature (T,,,4 — T; as shown in Equation 4) decreased as the stored water
temperature increased, which is indicative of a declining thermal power injection over the heating
cycle.

The simulated model showed a perfect isothermal tank during the heating cycle, whereby all nodes
in the tank that are adjacent to the condenser or above have a constant temperature. The
discrepancy from the tested heater is due to the omission of super heat and sub cooling in the
modelled condenser. However, given the tested heater only showed a variation of 3°C from the
top of the tank to the bottom of the tank at the end of the heating cycle, the impact of ignoring
super heat and sub cooling is negligible. Whilst the condenser temperature showed an identical
trend to that of the tested heater, the modelled condenser temperature was slightly larger than the
tested product at the start of the heating period. This indicates that the modelled thermal
resistance may have been slightly larger than evident in the tested product. The thermal
resistance due to natural convection within the tank (which is an order of magnitude higher than
the other thermal resistance layers between the refrigerant and the tank water) is based on heat
transfer coefficient correlations for a flat vertical plate. In reality the natural convection in the tank
would produce a toroid flow. Whilst a more complex convection methodology could be developed
to consider the toroid convection pattern and transient effects; the magnitude of the thermal
resistance inaccuracy is deemed minimal as the tested and theoretical condensing temperatures
are very similar over most of the re-heat period.

2. The rapid draw off period

The draw off period utilized a large flow rate, such that ~40% of the volume of water in the tank
was withdrawn in a short period of time using a flow rate of ~17 L/min of cold inlet makeup water at
15°C. The stratification comparison between the tested and simulated tank at the end of the draw
off indicated that the simulated tank did not accurately model the thermal stratification at the large
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flow rate. The error becomes apparent within the modelling, whereby the TRNSY'S source code
assumes that fluid entering a node of the tank, has the temperature of the node below the node
being assessed. If the flow rate is so high that more than one node volume of water is moved in
each timestep, the TRNSYS analysis becomes unable to track the fluid and thus the temperature
changes. In this case the temperature entering a node is really the temperature from a node lower
than the one adjacent below, meaning the simulation is assuming that the temperature of fluid
entering a node is over-estimated. This becomes particularly important where a small thermocline
layer is apparent with a large flow rate. To limit this phenomenon the new Type104 model (and
now added to other TRNSYS tank models) now incorporates a check that sets a fatal simulation
error in the event that the flow rate is greater than one node volume per timestep. The modelled
results in Fig. 3 are shown with no limitation of flow rate to demonstrate the magnitude of this
historical oversight (this error raises substantial questions about the validity of modelling of
commercial applications of small ASHP storage tanks supplying high load flow rates).

3. The re-heat period.

Within the re-heat period, the temperature at the Tank 4 level indicates an un-intended
consequence of operation, whereby the temperature initially decreases when the compressor
commences operation. Given the condensing temperature is initially less than the temperature of
the water at Tank 4 level, the energy flow is effectively reversed, as energy flowed from the water
to the refrigerant. In practice this is an unwanted characteristic of tanks with integral condensers
that have a large variation of water temperature over the depth of the condenser. The reverse
energy transfer (RET) is in the super-heat zone of the condenser. The low heat transfer coefficient
of the gas phase zone of the refrigerant in the superheat zone limits the reverse energy. Micro-
channel condensers have lower overall thermal resistance between the refrigerant and the tank
water than wrap-around or submerged condensers, hence the phenomena of RET is more
prevalent in micro-channel condensers and has been modelled as such within the Type104 source
code.

The largest disparity in the re-heating period was for the lowest sensor/s (Tank 6 and to a lesser
extent Tank 5). The modelled tank water temperature at Tank 6 level increased at a rate faster
than observed in the tested product. The omission of consideration of sub-cooling in the modelling
indicated that the modelled heat transfer within the lower portion of the condenser was higher than
that achieved in the tested product. This meant that the simulated heater operated longer in re-
heat than the tested product. Whilst this would indicate that the simulated product consumed more
energy, it also had more stored energy available for discharge between heating cycles. Thus,
whilst the annual heat loss of the modelled water heater would be slightly higher than the tested
product, the number of heating cycles would be slightly lower. The weighted average of tank
temperature at the end of the re-heat cycle is however identical, hence the net impact is
insignificant, with the only impact being that the tank stratification is slightly over-estimated in the
simulated model.

With the revised modelling methodology demonstrating significantly improved prediction of thermal
stratification within ASHP water heaters, it is now possible to accurately quantify energy savings of
ASHP’s with new micro-channel condensers and to generate more accurate load cycle energy
savings results to assist consumers compare products and for regulators to develop performance
based incentives for ASHP products.

The new Type104 tank model also includes assessment of heat pump water heater compliance to
Legionella sanitation specified in AS3498 [11]. Failure to comply with sanitation requirements is
now flagged as an output in all tank models in TRNSYS. Other revisions to TRNAUS version 24.4
include more accurate evaluation of delivery temperatures for both domestic and commercial
applications and modelling tools for smart ASHP controllers.

The revisions to TRNAUS V24.4 are being considered by Australian/New Zealand Standards
Committee CS-028 along with relevant regulators.
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