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A B S T R A C T   

This paper evaluates the ability of EN16573:2017 to isolate and quantify the energy efficiency and renewable 
generation contributions of multifunctional balanced ventilation systems. These systems integrate an air-source 
heat pump with heat recovery ventilation and two similar, yet physically different configurations (C1 and C2) are 
assessed. Heat pump operation does not influence heat recovery performance for widely used configuration C1 
but does influence for novel configuration C2. This study shows that while EN16573:2017 can isolate the energy 
efficiency (heat recovery exchanger) and renewable generation (heat pump) contributions for configuration C1, 
it fails when applied to configuration C2. Measurements undertaken using EN16573:2017 on configuration C2 
revealed an overall coefficient of performance of 5.07, split 51% heat exchanger with heat pump off (phase 1), 
and 49% heat pump (phase 2 minus phase 1). If this result were obtained for configuration C1 the respective 
contributions would be 51% energy efficiency and 49% renewable generation. While these contributions cannot 
be resolved using EN16573:2017 for configuration C2, it can be achieved using two additional measurement 
planes in the incoming airstream. These showed an 88%:12% contribution from the heat exchanger and heat 
pump, respectively. While accurate, this result under-estimates the true heat pump contribution, as its positive 
impact on the heat exchanger efficiency boosts its contribution from 51% (phase 1) to 88% (phase 2). This paper 
acknowledges that heat pump operation leverages a 37% increase in heat exchanger performance and proposes a 
that the respective contributions of the heat exchanger and heat pump should be 42%:58%.   

1. Introduction 

The European Union (EU) defines its commitment to a clean energy 
transition by agreeing binding climate and energy policy targets with 
each member state. EU wide greenhouse gas emission reduction targets 
have increased from 20%, relative to 1990, by 2020 [1], to 40% by 2030 
[2] and most likely to 100% by 2050, under the emerging European 
Green Deal [3]. These climate targets are being achieved by a range of 
measures, including increasing both energy efficiency [4] and the share 
of renewable energy generation. Indeed, each member state must be 
able to quantify the extent by which its energy efficiency [5] and 
renewable generation [6] has increased each year as this data must be 
reported to the EU. Every energy related project must be capable of 
quantifying its contribution to improving either energy efficiency, 
renewable generation, or both. Hence, this paper focuses on means of 

isolating and quantifying the energy efficiency (EE) and renewable 
generation (RG) contributions of an emerging green technology. 

Since 40% of Europe’s final energy consumption is used to meet 
heating and cooling demands within buildings, the EU has refined its 
Energy Performance of Building Directives (EPBD) in 2010 and 2018 
[7]. The original EPBD (2002) sought improved building energy effi
ciency in the EU, introducing building integrated renewable generation 
and building energy ratings. Individual member states have introduced 
metrics to monitor their compliance and associated primary energy 
reduction. For example, Ireland introduced two metrics to track im
provements in both building energy performance, using the Maximum 
Permitted Energy Performance Coefficient (MPEPC), and associated 
carbon emissions using the Maximum Permitted Carbon Performance 
Coefficient (MPCPC) [8]. 

These metrics from individual dwellings are then aggregated at na
tional level so that each member state can meet both its EE and RG 
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targets and reporting obligations. However, this is not always straight 
forward as the integration of EE with RG technologies challenge both the 
standards organisations and the building energy rating software de
signers to develop appropriate methods to measure and present the EE 
and RG contributions of a technology, so that this data can subsequently 
be translated into a building energy rating. The former issue is investi
gated in this paper for one such novel integrated technology. 

Europe’s residential building sector accounts for over 27% of its 
energy demand, 17% for heating alone [9]. Technological innovations 
that address this huge market has inspired the integration of heat re
covery ventilation (HRV) and heat pumps (HPs). Traditionally, these 
technologies developed independently to serve the complementary, yet 
different needs for improved energy efficiency, delivered by HRV, and 
renewable heating delivered by HPs. However, the integration of both 
technologies has yielded Multifunctional Balanced Ventilation (MFBV) 
[10], also referred to as mechanical ventilation heat pump recovery 
[11], compact heat pumps [12], or thermodynamic heat recovery units 
[13]. These highly functional integrated systems deliver improved en
ergy efficiency and renewable generation, as well as practical advan
tages associated with compactness, ease of installation, commissioning, 
and service. However, as new physical configurations or airflow layouts 
of these integrated systems emerge, so does the challenge to define, 
isolate and measure their respective EE and RG contributions. This 
specific issue has stimulated the current research. 

Nguyen et al. [14] developed an experimental heat pump, heat re
covery system, that could accommodate four physically different airflow 
configurations. The experimental analysis identified the combined heat 
pump and heat recovery ventilation unit as the most energy efficient 
configuration. Fucci et al. [15] experimentally tested one MFBV unit and 
reported very high overall system coefficients of performance (COP) that 
ranged between 6.62 and 9.50. Siegele et al. [16] also experimentally 
characterised a MFBV unit, with an overall system performance of over 
4.5. The wide range of reported overall system COPs not only reflects 
variation in system design, components, and airflow configurations, but 
also inconsistency in COP definition and measurement methods. These 
observations reflected the absence of a universal standard measurement 
method, consistent with any emerging technology. Also note how most 
studies use an overall system COP to represent the combined perfor
mance of the integrated heat recovery and heat pump components. 

The development of test standard EN16573:2017 [11] brought 
clarity to the measurement methods and definition of key performance 
metrics. It employed a two-step or two-phase test method, consisting of 
phase 1 which yields the heat recovery capacity (HRV with HP off), and 
phase 2 which delivers the overall air heating capacity (HRV with HP 

on). While the overall heating capacity enables the combined contri
butions of the heat exchanger and the heat pump to be quantified (phase 
2), it does not enable the individual contributions of either component to 
be resolved simultaneously during phase 2. Instead the HP contribution 
is established by subtracting the phase 1 result (with HP off) from the 
phase 2 result (with HP on). Such an approach assumes that heat pump 
operation does not impact on heat exchanger recovery capacity, so its 
contribution to the overall air heating capacity remains stable during 
both phase 1 and phase 2. Indeed, this assumption holds for all the re
ported system configurations [14–16] and EN16573:2017 delivers all 
three essential metrics; overall heating capacity, heat recovery capacity 
(energy efficiency) and heat pump COP (renewable generation). How
ever, EN16573:2017 is unable to deliver the heat pump COP for unit 
configurations where heat pump operation impacts on heat recovery 
capacity during phase 2. Possible solutions to this issue are presented in 
this paper. 

Two similar, yet physically different integrated heat pump and heat 
exchanger configurations are considered in this study. The conventional 
unit configuration where heat pump operation does not impact on heat 
exchanger performance is selected from the literature [15]. This 
configuration is used to highlight the novel unit configuration being 
experimentally investigated in this work. The construction, operating 
principles and functionality of both system configurations are contrasted 
for space heating mode. The standard test methodology is applied to the 
novel configuration and its ability to characterise the thermal contri
bution of both the heat exchanger and the heat pump during test phase 2 
is assessed. This investigation identified slight modifications to the 
current standard that would enable it to accommodate a greater di
versity of MFBV configurations and deliver a more comprehensive 
thermal characterisation. Such data not only allows the heat recovery 
capacity (EE) and heat pump capacity (RG) of MFBV systems to be 
defined, but also deliver the necessary inputs for the mandatory building 
performance metrics (MPEPC, MPCPC, BER and RER). 

2. International test standards 

The five key thermal performance standards are presented in this 
section and mapped against the characterisation procedure and the 
functionality of the system being characterised. Test standard imple
mentation is also introduced. 

2.1. Matching standards with MFBV configurations 

European Standard EN16573:2017 specifies the laboratory test 

Nomenclature 

List of symbols 
P capacity or power input, in kW 
Q thermal energy, in kWh 
W electrical work, in kWh 
t time duration, in s 
h specific enthalpy in kJ/kg 
qm mass flow rate, in kg/s 
qv volume flow rate, in m3/s 
T temperature, oC 

List of subscripts/superscripts 
AC supply Air Cooling 
AH supply Air Heating 
WH (Domestic) hot water production 
el electric 
HR heat recovery 

V ventilation 
phase 1 test phase 1 
phase 2 test phase 2 

List of acronyms/abbreviations 
ODA Outdoor air 
SUP Supply air 
ETA Extract air 
EHA Exhaust air 
COP Coefficient of performance 
HRV Heat recovery ventilation 
HP Heat pump 
EE Energy Efficiency 
EHA-HP Exhaust air source heat pump 
ODA-HP Outdoor air source heat pump 
RG Renewable generation 
MFBV Multifunctional Balanced Ventilation  
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methods, conditions and requirements for testing the aerodynamic, 
acoustic and thermal performance of MFBV units intended for use in a 
single dwelling [10]. The scope includes unit constructions containing 
one or more of the following features within the casing; (1) supply and 
exhaust air fans, (2) air filters, (3) common control system, and one or 
more of the additional components (4) air-to-air heat exchanger, (5) 
air-to-air heat pump (6) air-to-water heat pump. Table 1 presents six 
recognised combinations of multifunctional units and their corre
sponding features (1-to-6). Features 1-to-4 are common to all unit 
combinations, while the type of heat pump used is either air-to-air 
and/or air-to-water. All units, as defined by the standards, must 
contain all features within a single housing. 

Note: while other combinations of multifunctional unit are available 
these do not include an air-to-air heat exchanger and are not covered in 
this study. 

According to EN16573:2017, multifunctional ventilation units shall 
be designed and controlled to provide a hygienic balanced ventilation 
rate for occupants in dwellings. Consequently, for unit configurations A- 
to-F (Table 1), the aerodynamic performance characteristics are tested 
before or in conjunction with thermal characterisation testing. Aero
dynamic characteristics include both internal and external leakage as 
well as air flow capacity/pressure curves. 

Fig. 1 maps the international test standards against the unit config
uration and test sequence of unit configurations A-to-D (Table 1). As 
configurations E and F represent functions that are considered subsets of 
configuration B, C and D they are not included on Fig. 1 to reduce 
complexity. EN13141-7:2010 [17] and EN13141-4:2011 [18] are used 
to identify air leakage and flow/pressure characteristics respectively. 
Common to all configurations, Fig. 1 highlights the combination of 
standards EN16573:2017 and EN13141-7:2010, used to identify the 
starting conditions and initial ventilation measurements. 

Test phase 1 conditions are achieved with heat recovery ventilation 
mode operating and the heat pump switched off. Individually, thermal 
testing hydronic space heating/cooling and supply air heating/cooling 
functions are covered by EN14511:2018 (all parts) [19]. Meanwhile, 
EN16147:2017 [20] covers domestic hot water production. However, as 
Fig. 1 presents, thermal performance testing of air-to-air heat recovery 
ventilation and air-to-air heat pumps and/or air-to-water heat pumps 
are undertaken in accordance with multiple combinations of standards. 

2.2. Implementing standards test procedure 

This section describes how the relevant standards were implemented 
for multifunctional unit Configuration C, Table 1, providing heat re
covery ventilation and supply air heating. Once the aerodynamic char
acteristics are established, Fig. 2 illustrates the subsequent two-phase 

test method. Air flow test conditions, installation and measurements 
are performed according to EN14511:2018, EN13141-7:2010 and 
EN16573:2017 (see Fig. 1). As shown in Fig. 4 and Fig. 6, all air con
dition measurement sensors (dry bulb temperature, relative humidity, 
volume flow rate) are located in the outdoor air (ODA), supply air (SUP), 
extract air (ETA) and exhaust air (EHA) duct connections to/from the 
unit. 

Measurements used to calculate thermal and electrical performances 
are identified per test phase. Test phase 1 starts with heat recovery 
ventilation mode (HP off). During phase 1 the ventilation electrical 
power input (Pel,V) is measured, air condition measurements are used to 
calculate the ventilation heat recovery capacity (PHR). Test phase 2 
starts with the heat pump on for either heating or cooling function while 
simultaneously providing heat recovery ventilation. Operating in space 
heating mode, measurements taken during test phase 2 are used to 
calculate the overall supply air heating capacity (PAH), overall heating 
thermal energy (QAH) and electrical energy input (Wel,V-AH). 

Unit configuration C’s overall coefficient of performance (COPV-AH), 
established while simultaneously providing heat recovery ventilation 
and supply air heating, is calculated using Eq. (1). The overall heating 
thermal energy (QAH) is calculated using Eq. (2). PAH is calculated as the 
ODA mass flow rate (qm,ODA) times the incoming airstream, ODA to SUP, 
specific enthalpy increase (hODA to hSUP) using Eq. (3). EN16573:2017 
does not provide or reference additional standard for an equation to 
calculate the electrical energy input (Wel,V-AH). Therefore, Wel,V-AH is 
assumed to be the combined total electrical energy consumption of both 
heat recovery ventilation and heat pump and may be calculated using 
Eq. (4), based on Eq. (8) given by the standard. A definition of COPV-AH is 
not given by the standard, however from Eq. (1), it can be described as 
the ratio of the supply air heating thermal energy to the electrical energy 
input. COPV-AH does not allow the HRV and HP respective energy effi
ciency and renewable generation contributions to be isolated or 
measured. Instead these individual component contributions are lumped 
to give the overall system performance. 

COPV − AH =
QAH

Wel,V− AH
(1)  

QAH =

∫ tAH
0 PAHdt

3600
(2)  

PAH = qm,ODA⋅(hSUP − hODA) (3)  

Wel,V − AH =
Pel,V − AH ⋅tAH

3600
(4) 

Supply air heating coefficient of performance (COPAH) is calculated 
using Eq. (5). The thermal energy recovered (QHR-AH) by the heat 
exchanger is calculated using Eq. (6). Heat recovery capacity (PHR) is 
calculated using Eq. (7), based on measurements recorded during test 
phase 1. The electrical energy input (Wel,V) is calculated using Eq. (8), 
based on measured electrical power input (Pel,V) during test phase 1. 
While a definition of COPAH is not given, it can be described based on Eq. 
(5) as the ratio of the increased supply air thermal energy (Qphase,2 

(HP+HRV) minus Qphase,1 (HRV)) to the increased electrical energy 
consumed by the heat pump in phase 2 (Wel,phase,2 (HP ON) minus Wel, 

phase,1 (HP OFF)). 

COPAH =
QAH − QHR− AH

Wel,V− AH − Wel,V
(5)  

QHR− AH =
PHR⋅tAH

3600
(6)  

PHR = qm,SUP⋅(hSUP − hODA) (7)  

Wel,V =
Pel,V ⋅tAH

3600
(8) 

Table 1 
System functionality and features of six combinations of combined heat pump 
and heat recovery ventilation multifunctional units defined in EN16573:2017. 
Features numbered in the table are listed and described in the main text.  

Configuration Combined heat pump and heat recovery ventilation 
multifunctional units 

Features 

Aa HRV combined with domestic hot water production 1, 2, 3, 4, 6 
Ba HRV combined with hydronic space heating/ 

cooling 
1, 2, 3, 4, 6 

Ca b HRV combined with supply air heating/cooling 1, 2, 3, 4, 5 
Da HRV combined with heating and hot water 

production 
1, 2, 3, 4, 5, 
6 

E HRV combined with cooling and hot water 
production 

1, 2, 3, 4, 5, 
6 

F HRV combined with hydronic and supply air 
heating/cooling 

1, 2, 3, 4, 5, 
6  

a Sequence of test standards used for aerodynamic and thermal performance 
characterisation mapped in this study (Fig. 1). 

b Two different configurations of air-to-air heat exchanger and air-to-air heat 
pump are characterised in this study. 
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Fig. 1. Mapping the relevant international test standards required to conduct aerodynamic and thermal performance characterisation of unit configuration A to D 
(Table 1). Note, aerodynamic testing, starting conditions and ventilation measurement are common to all unit configuration A-to-F presented in Table 1. Text 
underlined identifies the performance metrics that are subject to discussion in this paper. 
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EN16573:2017 provides additional specifications while referring to 
EN13141-7:2010, EN14511:2018 and EN16147:2017. Combined, the 
standards give a comprehensive description of the test setup, conditions, 
procedures, and equations. However, while many possible unit config
urations and wide-ranging functionalities are considered, the novel 
outdoor-air heat pump (ODA-HP), with both direct expansion coils 
located either side of the heat exchanger in the incoming airstream is not 
referenced in any standard. As a result, this paper assesses the ability of 
EN16573:2017 to isolate and measure the ventilation heat recovery 
capacity (EE) and heat pump capacity (RG) for this novel configuration. 

3. Configuration C - multifunctional ventilation unit layout 

The default function of domestic MFBV systems are to extract stale 
air (ETA) from inside the building while simultaneously supplying fresh 
air (SUP) to the building. The SUP and ETA ventilation rates are 
balanced, ensuring that equal volumes of air enter and leave the building 
[21]. A balanced mechanical ventilation system provides a pressure 
distribution that has an approximate neutral impact on the building 
[22]. For the purpose of thermal performance testing, a unit is declared 
balanced if the SUP and ETA mass flow rates are within 3% of each other 
(EN13141-7:2010) or unbalanced if they deviate by more than 10% 
(EN16573:2017). 

Heat recovery ventilation systems are the single most important 
means of reducing ventilation energy consumption [23] and can provide 
significant energy savings for mechanically ventilated residential 
buildings [24]. Guillén-Lambea et al. analysed the space heating and 
cooling energy demand requirements of nearly zero-energy buildings 
(nZEB) and concluded that these limits cannot be achieved with current 
ventilation strategies in cold climates, without heat recovery [25]. In 
general, heat recovery ventilation can be classified as either sensible or 
enthalpy recovery [11,26]. Sensible heat recovery increases the 
incoming airstream’s temperature, without any change to its humidity. 
Enthalpy (sensible and latent heat) recovery increase both the temper
ature and humidity of the incoming airstream. In terms of total thermal 
energy recovered, sensible recovery devices generally have lower effi
ciency than enthalpy recovery devices [27,28]. Both devices are passive 
recovery systems, as no additional energy is needed to recover heat [15]. 
A review of heat recovery ventilation devices and air-to-air heat and 
mass exchanger technologies for building applications are available in 
Refs. [29,30] respectively. 

Typically, heat pump classification is based on the identification of 
the thermal source and sink [31]. A configuration C unit may utilise a 
reversable refrigerant flow, air-to-air source heat pump that employs air 
as both the thermal source and sink. The two configurations of unit C 
investigated in this paper are referred to as unit C1 and C2 and their 
configurations are presented in Figs. 4 and 6 respectively. 

Operating in HRV mode, Fig. 3 illustrates the variation in the 
incoming and outgoing airstream conditions (temperature and humidity 
ratio) through configuration C during test phase 1 (HP off). In an ideal 

system, the heat transferred from the warm outgoing air is equal to the 
heat recovered by the cooler incoming air. This is presented as 
increasing/decreasing temperature gradients across the heat exchanger. 
However, during experimental testing an error band exists between heat 
transferred/recovered and may vary by up to ±15% [21] and ±20% 
[32]. This is mainly due to a combination of internal/external air 
leakage and unaccounted heat transfer between the unit and the sur
rounding air. Measurements recorded at ODA, SUP, ETA and EHA duct 
connections are used to calculate the heat recovery capacity (PHR,phase 1) 
for both configurations C1 and C2 using Eq. (6). In addition, sensible and 
latent efficiencies on both the supply and exhaust air sides can be 
calculated according to EN13141-7:2010. Both configurations operating 
in space heating mode are discussed in detail in the following sections. 

3.1. C1 configuration - exhaust air heat pump with sensible heat 
exchanger 

The conventional C1 configuration shown in Fig. 4 combines an 
exhaust air heat pump (EHA-HP) with a sensible heat exchanger [14,15] 
operated in space heating mode. The incoming fresh airstream (labelled 
1-to-6) is conditioned by a serial, 2-stage, passive and active heat re
covery process. ODA (1) enters the heat exchanger core (3), where 
sensible energy is passively recovered before entering the HP condenser 
coil (4). The HP condenser coil actively increases the SUP sensible en
ergy before entering the building (6). The location of the HP evaporator 
coil (9) utilises the heat exchanger core outgoing EHA as the heat source. 
Subsequently, unit configuration C1 provides four functions; ventila
tion, heat recovery ventilation (no moisture recovered), space heating 
and space cooling. 

Fig. 5 illustrates the corresponding changes in the incoming and 
outgoing airstream’s temperature and humidity ratio during space 
heating mode (HP on). The heat removed from the EHA by the evapo
rator coil comprises of sensible heat plus latent heat of condensation 
[33]. These processes are presented in Fig. 5 by the EHA dry bulb 
temperature and humidity ratio, respectively. The EHA dry bulb tem
perature and humidity ratio both decrease as the HP evaporator coil 
absorbs its heat. When the cooling EHA reaches saturation temperature, 
moisture condenses on the evaporator coil [34] triggering the potential 
to also recover latent heat of condensation [35]. On the SUP side, the HP 
condenser coil adds sensible heat. The dry bulb SUP temperature in
creases due to the positive temperature difference between the SUP air 
and the condenser coil. 

Fucci et al. [15] described the MFBV configuration in Fig. 4 as 
“passive plus active recovery system”. Similar to EN16573:2017, Fucci 
et al. defined an overall system coefficient of performance (COPs) as the 
ratio of the heat output of the system to the electric power consumed by 
the system. However, two key factors differentiate COPs from the overall 
performance proposed in EN16573:2017 and defined by Eqs. (1)–(4). 
Firstly, COPs utilises the SUP mass flow rate to calculate the heat output, 
whereas Eq. (3) utilises the ODA mass flow rate; and secondly, only the 

Fig. 2. Two-phase thermal performance test procedure for heat recovery ventilation combined with supply air heating/cooling (Configuration C, Table 1).  
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Fig. 3. Test phase 1, illustration of incoming and outgoing air conditions (dry bulb temperature and humidity ratio) for both configurations during heat recovery 
ventilation mode. 

Fig. 4. Unit configuration C1 operating in space heating mode: (1) outdoor air - ODA; (2) supply air filter; (3) air-to-air heat exchanger core; (4) HP, condenser coil; 
(5) supply air fan; (6) supply air - SUP; (7) extract air - ETA; (8) extract air filter; (9) HP, evaporator coil; (10) extract air fan; (11) exhaust air - EHA; (12) NRV - non 
return valve; (13) TEV - thermostatic expansion valve; (14) 4-way valve; (16) compressor. 

Fig. 5. Charting the notional variation in air flow dry bulb temperature and humidity ratio for configuration C1 operating in space heating mode; during test phase 2 
(HP on). 
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sensible heat output is quantified when calculating COPs, whereas Eq. 
(3) considers both sensible and latent heat. Hence, COPs is not equiva
lent to COPV-AH. This highlights the subtle differences that exist between 
system performance factors defined in the literature and the standard, 
making it difficult to compare results. 

Nguyen et al. [14], also studied sensible heat recovery during heat
ing and ventilation and described the integrated configuration in Fig. 4 
as “double heat recovery”. Similarly, yet not identical to EN16573:2017, 
this study considered two kinds of COP: net coefficient of performance 
(COPnet) and refrigerant based coefficient of performance (COPref). 
COPnet is described as the ratio of air-based net heating capacity to the 
electric power consumption of the compressor. However, COPnet is not 
comparable with Eqs. (1)–(4) as the overall air-based net heating ca
pacity is calculated using the SUP mass flow rate, whereas Eq. (3) utilises 
the ODA mass flow rate. Equally, only the compressor electrical con
sumption is considered. Hence, COPnet is not equivalent to COPV-AH. 
Meanwhile, COPref represents the ratio of the HP condenser heating 
capacity to the electric power consumption of the compressor. Conse
quently, COPref is also not comparable with the air heating performance 
Eq. (5) (COPref ∕= COPAH). The HP condenser air heating capacity is 
calculated using the SUP mass flow rate and the specific enthalpy across 
the HP condenser coil. 

Siegele et al. [16] experimentally analysed a MFBV unit. This study 
proposed two kinds of COP: overall system coefficient of performance 
(COPsys) and heat pump coefficient of performance (COPHP,sys). COPsys is 
defined as the ratio of the sum of the systems air heating capacities 
(supply air condenser, recirculation air condenser and heat recovery 
ventilation) to the sum of electrical power (compressor, inverter, 
ambient air fan, recirculation air fan and ventilation air fans). Again, this 
COPsys equation is not identical to Eq. (1) (COPsys ∕= COPV-AH) as the air 
heating capacity is based on the sum of the individual heating contri
butions. COPHP,sys is described as the ratio of the sum of the HP air 
heating capacity (supply air condenser and recirculation air condenser) 
to the sum of electrical power consumed by the compressor, inverter, 
ambient air fan and recirculation air fan. Equally, COPHP,sys is not 
comparable with the air heating performance Eq. (5) (COPHP,sys ∕=

COPAH). 
From section 2.2, the overall coefficient of performance from 

EN16573:2017 (COPV-AH, Eq. (1)), is described as the ratio of the supply 
air thermal energy to the electrical energy input. The overall supply air 
heating capacity (PAH, Eq. (3)), based on unit configuration C1 principle 

of operation, is the sum of the HP condenser and heat exchanger heating 
capacities. Therefore, COPV-AH for configuration C1 can be described as 
the ratio of the sum of the HP’s condenser thermal energy delivered and 
heat exchanger thermal energy recovered to the electrical energy 
consumed by compressor, inverter, controller, and ventilation air fans. 

The supply air heating coefficient of performance (COPAH, Eq. (5)), is 
described as the ratio of the increased supply air heating thermal energy 
to the increased electrical energy input due to the heat pump operating 
in test phase 2, but switched off during test phase 1. Based on system 
configuration C1’s principle of operation, the HP condenser thermal 
energy delivered (Qcond) can be established by subtracting the heat ex
changer’s thermal energy recovered during test phase 1 (QHR-AH) from 
the sum of the HP condenser thermal energy delivered and heat 
exchanger thermal energy recovered during phase 2. In this way, the EN 
standard’s two-phase test methodology can distinguish the respective 
contributions of the HP and HRV as well as the sum of both yielding the 
overall air heating capacity. Therefore, COPAH can also be considered as 
the heat pump coefficient of performance (COPHP). However, these 
conclusions only remain valid if the HP does not affect the ventilation 
heat recovery capacity. This aspect will be addressed by the C2 
configuration. 

3.2. C2 configuration - outdoor air heat pump with reverse-flow enthalpy 
exchanger 

The novel C2 configuration shown in Fig. 6 combines an outdoor air 
heat pump (ODA-HP) with a reverse-flow enthalpy exchanger operating 
in space heating mode. While the HP thermal source for configuration 
C1 is the outgoing exhaust airstream, the HP draws its heat from the 
incoming airstream for configuration C2. This is facilitated by moving 
the HP evaporator from the exhaust duct (item 9 in Fig. 4), to the supply 
air duct (item 3 in Fig. 6) with both the condenser and evaporator coils 
now positioned on either side of the enthalpy exchanger. The novel 
reverse-flow enthalpy exchanger utilise motorised sliders (items 5, 7, 13 
and 14 in Fig. 6) to periodically reverse the air flow direction through 
the enthalpy exchanger core (item 6). The dwell time between each flow 
reversal is dictated by ambient humidity conditions and as a result the 
dwell time can be altered to provide a degree of humidity control [36]. 

The incoming fresh airstream (items 1-to-10 in Fig. 6) is conditioned 
(temperature and humidity) by a 3-stage process, involving the heat 
pump evaporator coil, reverse-flow enthalpy exchanger and heat pump 

Fig. 6. Unit configuration C2 operating in space heating mode: (1) outdoor air - ODA; (2) secondary supply air fan; (3) HP, evaporator coil; (4) supply air filter; (5) 
ERV, motorised slider 1; (6) air-to-air enthalpy exchanger core; (7) ERV, motorised slider 4; (8) HP, condenser coil; (9) primary supply air fan; (10) supply air - SUP; 
(11) extract air - ETA; (12) extract air filter; (13) ERV, motorised slider 3; (14) ERV, motorised slider 2; (15) extract air fan; (16) exhaust air - EHA; (17) NRV - non 
return valve; (18) TEV - thermostatic expansion valve; (19) 4-way valve; (20) compressor. 
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condenser coil, respectively. In stage 1, ODA enters the unit (1) and is 
cooled (sensible energy) and dehumidified (latent energy) as it passes 
through the HP evaporator coil (3). In stage 2, the incoming air is 
warmed and humidified (optional) as it passes through the reverse-flow 
enthalpy exchanger (6). Sensible and latent heat is transferred from the 
outgoing to the incoming airstream within the enthalpy exchanger. 
During stage 3, the heat pump condenser coil (8) further increases the 
fresh air temperature (sensible energy) before entering the occupied 
space (10). 

The thermal characteristics/performance of this integrated configu
ration has not been previously described in the literature and cannot be 
described as double heat recovery or passive plus active heat recovery as 
defined by Nguyen et al. and Fucci et al. respectively. This is solely due 
to the changed location of the HP evaporator coil that utilises the 
incoming ODA as a heat source. This combined with the novel reverse- 
flow enthalpy exchanger enables configuration C2 to dehumidify (HP 
evaporator) and humidify (reverse-flow enthalpy exchanger) the 
incoming airstream. It is important to note that the reverse-flow 
enthalpy exchanger can operate at an outdoor air temperature of − 15 
◦

C without the need for frost protection [37]. Without this functionality, 
configuration C2 would not work as the condition of air leaving the 
evaporator coil may cause frost formation within the enthalpy 
exchanger core. 

Clearly there is a need to establish the thermal performance char
acteristics of the C2 configuration and the next section describes the 
application of EN16573:2017 for this purpose. 

4. Experimental results and discussion 

Aspects of both the experimental facility and experimental results 
obtained for configuration C2 following the EN16573:2017 standard are 
presented and discussed in this section. The limitations of the standard 
are identified, and suggestions are made to the experimental procedure 
and analysis to address these limitations and augment the standard. 

4.1. Measurement equipment and accuracy 

As illustrated in Fig. 1, the thermal characterisation of configuration 
C2 was undertaken in accordance with test standards EN13141-7:2010, 
EN14511:2018 and EN16573:2017. The air volume flow rates for ODA, 
SUP, ETA and EHA was recorded using four Badger Vortex RWG40 flow 
meters. The air temperature at each duct connection was recorded with 
a 5-point measurement plane using PT100 resistance temperature sen
sors evenly distributed over the duct cross-section. These utilised a 4- 
wire RTD measurement system with a commercially available load 
resistor and sensing unit from National Instruments. The air humidity in 
each duct was recorded using a Vaisala HMP110 humidity sensor, with 
an Aplisens PRE-50G pressure transducer used on each duct to set-up 
and record static air pressure. 

Table 2 summarises the monitored parameters and corresponding 
sensor measurement accuracy. The data from each sensor was logged 
and stored electronically. Temperature readings from 41 temperature 
probes were logged twice per second. Data from four pressure sensors, 
four flow meters and power meter were also recorded twice per second. 

The humidity sensors logged data at a slower rate of one sample every 
six seconds from each of the six sensors. 

4.2. Limitations of EN16573:2017 for configuration C2 

Table 3 presents data recorded for system C2 operating in space 
heating mode (test phase 2, heat pump on). Values in this table are based 
on averages during test phase 2 data collection period as shown in Fig. 7. 

Fig. 7 shows the thermal power calculated at each of the four mea
surement planes ODA, SUP (incoming airstream), ETA and EHA (out
going airstream) over the 7-h long test procedure as defined in Fig. 2. 
The data in Fig. 7 shows the thermal power fluctuations during seven 
distinct time periods that traverse test phase 1 (HP off) and test phase 2 
(HP on). Test phase 1 consists of a 60-min steady state period #1 fol
lowed by a 30-min data collection period #2. Steady state conditions 
ensure that all measured thermodynamic quantities (Table 2) remain 
constant with respect to the tolerances given in EN13141-7:2010. Test 
phase 2 consists of 5 distinct time periods. Once the 30-min steady state 
period #3 has elapsed, the heat pump is switched on. There is then a 10- 
min preconditioning period #4 and a 5-min forced heat pump defrost 
cycle #5. Preconditioning ensures that all measured thermodynamic 
quantities (Table 2) remain constant with respect to the tolerances given 
in EN14511–3:2018. This is then followed by a 60-min equilibrium 
period #6 and a 70-min data collection period #7. The cyclic fluctua
tions of the SUP and EHA thermal power (Fig. 7) during time periods #6 
and #7, result from each reversal of the flow direction through the 
enthalpy exchanger. 

It is the data collected during the phase 1 “data collection period #2” 
that is used to calculate the ventilation heat recovery capacity (PHR). 
This is equivalent to the energy efficiency (EE). Test phase 2 “data 
collection period #7” is used to calculate the overall heating capacity 
(PAH-V). Subtracting phase 1 from phase 2 yields the supply air heating 
performance (PAH). This allows the HP contribution (PHP-cond) to be 
defined as the HP operates during phase 2 but switched off during phase 
1. This is equivalent to the renewable generation (RG). 

Based on the measured data in Table 3, an overall coefficient of 
performance (COPAH-V, Eq. (1)) of 5.07 is calculated during phase 2 as 
per the standard. Where, the overall heating thermal energy (QAH, Eq. 
(2)), overall heating capacity (PAH, Eq. (3)) and electrical energy input 
(Wel,V-AH, Eq. (4)) are calculated as 1.56 kWh, 1.23 kW and 0.31 kWh, 
respectively. Following the EN16573:2017 standard, PAH is calculated as 
the ODA mass flow rate (qm,ODA) times the incoming airstream specific 
enthalpy increase (hODA to hSUP). However, if PAH is calculated using the 
SUP mass flow rate (qm,SUP) as in the literature [14–16], COPAH-V falls by 
5% to 4.84. While the recorded SUP volume flow rate (152.1 m3/h) in 
Table 3 was marginally greater than the ODA volume flow rate (146.0 
m3/h), the 5% performance decrease in the SUP mass flow was due to 
the ODA and SUP density difference, calculated as 1.26 kg/m3 and 1.15 
kg/m3 respectively. QAH and PAH are calculated as 1.49 kWh and 1.17 
kW, respectively. 

EN16573:2017 revealed an overall coefficient of performance of 
5.07 (1225 W), which can be apportioned 51% heat exchanger with heat 
pump off (phase 1, Figs. 7, 625 W), and 25% heat pump (phase 2, Fig. 7, 
600 W), provided heat pump operation does not impact heat exchanger 
performance. However, Fig. 7 shows that this assumption is not valid for 
the C2 configuration. 

Supply air heating performance (COPAH, Eq. (5)) is defined as the 
ratio of the increased supply air thermal energy to the increased elec
trical energy consumed due to the heat pump operating in test phase 2, 
but switched off during test phase 1. COPAH of 3.40 is calculated as per 
the standard. Where, during test phase 1, the thermal energy recovered 
by the heat exchanger (QHR-AH, Eq. (6)), heat recovery capacity (PHR, Eq. 
(7)) and electrical energy input (Wel,V, Eq. (8)) are calculated as 0.80 
kWh, 0.62 kW and 0.08 kWh, respectively. However, as HP evaporator 
and condenser coils are both located in the incoming airstream, theo
retically the coefficient of performance cannot exceed 1. Therefore the 

Table 2 
Measured parameters and associated measurement accuracy.  

Parameters Brand Type Accuracy 

Temperature OMEGA Pt100 (4- 
wire) 

±0.15 
◦

C 

Relative humidity VAISALA HMP110 ±1.5% RH 
Air volume flow 

rate 
Badger Meter Vortex 

RWG40 
±1% 

Air Pressure APLISENS PRE-50G ±0.6% 
Electrical Power YOKOGAWA WT310E 0.1% reading + 0.05% 

range  
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COPAH, of 3.40 is not an accurate reflection of the heat pump 
contribution. 

The increase of the SUP thermal power during time periods #6 and 
#7 reflect thermal power input from the HP’s condenser (item 8 in 
Fig. 6), as well as an increased thermal contribution from the enthalpy 
exchanger from phase 1. Activating the HP evaporator (item 3 in Fig. 6) 
absorbs heat from the incoming air (ODA), thereby cooling the ODA 
before entering the enthalpy exchanger. This increases the temperature 
difference between the counter-flowing airstreams within the enthalpy 
exchanger, which can boost the heat recovery capacity [33–36]. 
Fernandez-Seara et al. [21] conducted an experimental analysis of an 
air-to-air heat exchanger. Results identified that the heat transfer rate 
between the outgoing to the incoming airstreams increased from 300 W, 
to 525 W, to 700 W as the incoming outdoor air temperature decreased 
from 15 

◦

C, to 10 
◦

C, to 5 
◦

C respectively. When compared with data 
collection period #2, the decrease EHA thermal power during data 
collection period #7 equates to 419 W. This quantifies the additional 
heat removed from the outgoing airstream during phase 2, thereby 
highlighted that the HP operation impacts on heat exchanger perfor
mance. As a result, the supply air heating capacity (PAH) can no longer 
be reliably estimated as its calculation (phase 2 minus phase 1) assumes 
that the enthalpy exchanger recovery capacity remains constant during 
both phases 1 and 2. 

Quantifying the individual contributions of the HRV and HP for the 
C2 configuration could be achieved by augmenting the EN16573:2017 
standard measurement procedure by adding two additional internal 
measurement planes. These measurement planes are located at the inlet 
and outlet of the enthalpy exchanger and used to measure temperature 
and relative humidity of the incoming airstream. A similar technique 

was also applied to the C1 configuration by previous researchers 
[14–16]. These two measurement planes were deployed along with the 
standard ODA, SUP, ETA and EHA measurement planes for configura
tion C2 and the results are presented in the following section. 

4.3. Augmenting EN16573:2017 for configuration C2 

Two additional internal temperature measurement planes were setup 
in the incoming airstream, located at the inlet and outlet of the enthalpy 
exchanger. These consisted of a 10-point temperature measurement 
plane with sensors evenly distributed over the enthalpy exchanger’s air 
inlet and outlet sections. In addition, a 2-point humidity measurement 
plane using Vaisala HMP110 humidity sensors were evenly distributed 
over the enthalpy exchanger’s air inlet section. Table 2 presents sensor 
measurement accuracy. Fig. 8 shows the thermal power for each of the 
incoming airstream measurement planes, ODA, SUP, and the two addi
tional measurement planes at the inlet and outlet of the enthalpy 
exchanger, identified as Inlet-HR, and Outlet-HR, respectively. 

The salient features of Fig. 8 are: the marked increase in ventilation 
heat recovery capacity between phase 1 (PHR,phase 1) and 2 (PHR,phase 2); 
the cyclic fluctuations in data during time periods #6 and #7; and the 
impact of the HP evaporator cooling capacity (PHP-evap) and HP 
condenser heating capacity (PHP-cond). In addition to Fig. 7, the cyclic 
fluctuations of the Outlet-HR thermal power (Fig. 8) during time periods 
#6 and #7, also result from each reversal of the flow direction through 
the enthalpy exchanger. The decrease of the Inlet-HR thermal power 
(Fig. 8) is due to the HP evaporator coil (item 3 in Fig. 6) using the ODA 
as a thermal source. Activating the HP evaporator absorbs heat from the 
incoming air (ODA), thereby cooling Inlet-HR as indicated by the lower 
thermal power data during time periods #6 and #7. This highlights one 
potential benefit of locating the evaporator in the incoming fresh air 

Table 3 
Thermal performance quantities recorded during system C2 test phase 2 data collection period.  

Variables measured Symbol Unit Outgoing air stream Incoming air stream 

ETA (11) EHA (12) ODA (21) SUP (22) Inlet-HR Outlet-HR 

Ambient air temperature of system C2 Tambient 
◦

C 20.03 
Dry bulb temperature Tdb 

◦

C 19.99 5.79 6.99 32.94 − 0.15 19.20 
Relative humidity RH % 36.60 75.97 86.76 14.59 98.71 32.49 
Air volume flow rate qv m3/h 148.86 150.0 146.03 152.08 – – 
Duct static pressure DSP Pa 101.38 2.87 11.15 92.08 – – 
Electrical voltage – V 233.87 
Electrical current – A 1.64 
Electrical power input Pel,V-AH W 241.52 
Electrical power factor – cosØ 0.63 
Measurement period according to EN14511 tAH s 4589  

Fig. 7. Incoming (ODA to SUP) and outgoing (ETA to EHA) airstreams thermal 
power calculated for respective inlet and outlet duct connection measurement 
planes during test phase 1 and 2 defined in EN16573:2017. 

Fig. 8. Incoming airstream thermal power calculated for two mandatory and 
two additional internal measurement planes during both test phase 1 and 2. 
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stream. However, this observation also clearly demonstrates that the HP 
operation impacts heat exchanger performance. 

Fig. 9 maps experimental results from configuration C2 of the 
incoming and outgoing airstream conditions (measured temperature 
and calculated humidity ratio) during test phase 2. From Table 3, 
recorded data averaged over data collection period 2 (>70 min) iden
tified that the ODA enters the HP evaporator coil at 6.99 

◦

C and leaves at 
− 0.15 

◦

C, increasing the temperature difference across the enthalpy 
exchanger (ETA to Inlet-HR) by 7.14 

◦

C. The air flow direction through 
the enthalpy exchanger is reversed every 300 s, enabling moisture re
covery [36,37]. As a result, the incoming air humidity ratio increased by 
0.6 g/kgdry_air through the enthalpy exchanger. 

Fig. 10 maps experimental results from configuration C2 of the 
incoming airstream thermal power during both test phase 1 (dotted line, 
Figs. 10) and 2 (dashed line). As previously discussed, the overall supply 
air heating capacity (PAH, Eq. (3)) is calculated as per the standard to be 
1.23 kW. Alternatively, from Fig. 10, PAH can be calculated as the sum of 
the HP evaporator cooling capacity (PHP-evap; a negative term) plus the 
enthalpy exchanger (PHR,phase,2) and HP condenser (PHP-cond) heating 
capacities. The individual contributions, PHP-evap, PHR,phase,2 and PHP-cond 
are calculated as − 560 W, 1075 W and 710 W, using Eq’s (10), (11) and 
(12), respectively. In either case, the application of the direct mea
surement method (Eq. (3)) or the sum of the individual contributions 
measurement method (Eq. (9)), yields the same overall coefficient of 
performance of 5.07. 

PAH = qm,ODA ⋅ (hSUP − hODA)=PHP− evap +PHP− cond + PHR,phase,2 (9)  

PHP− evap = qm,ODA⋅(hinlet− HR − hODA) (10)  

PHR,phase,2 = qm,ODA⋅(houtlet− HR − hinlet− HR) (11)  

PHP− cond = qm,ODA⋅(hSUP − houtlet− HR) (12) 

From Fig. 10, the increased supply air heating capacity, PAH minus 
PHR, is calculated as 600 W, due to the heat pump operating in test phase 
2, but switched off during test phase 1. Alternatively, the increased 
supply air heating capacity is equal to the sum of PHP-evap (− 560 W), PHP- 

cond (710 W) and the increased heat recovery capacity (450 W). Appli
cation of either method, direct measurement (Eq. (3)) or the sum of the 
individual contributions measurement (Eq. (9)), the supply air heating 
coefficient of performance is calculated as 3.40. The 42% (450 W) in
crease in heat recovery capacity is due to the unique location of the HP 
evaporator coil, increasing the temperature difference across the 
enthalpy exchanger by 7.14 

◦

C. Based on configuration C2, COPAH re
flects the net HP contribution (PHP-evap and PHP-cond) plus the leveraging 
effect of the HP evaporator on the enthalpy exchanger. 

Traditionally, the heat pump contribution to supply air heating ca
pacity (PHP-cond) and heating thermal energy (QHP-cond) are calculated 

using Eq. (12) and Eq. (13), as 710 W and 0.91 kWh, respectively. 
Accordingly, the heat pump coefficient of performance calculated using 
Eq. (14) is 4.02. Fig. 11 shows the thermal power for each of the 
incoming airstream measurement planes, ODA, SUP, and one additional 
measurement plane at the outlet of the enthalpy exchanger (Outlet-HR). 
The overall coefficient of performance of 5.07 (1225 W), now split 42% 
heat exchanger with heat pump off (phase 2, Figs. 11, 515 W), and 58% 
heat pump (phase 2, Figs. 11, 710 W). 

QHP− cond =
PHP− cond⋅tAH

3600
(13)  

COPHP− AH =
QHP− cond

Wel,V− AH − Wel,V
(14) 

However, as the HP evaporator coil is also located in the incoming 
airstream, the net contribution to supply air heating capacity (PHP-net) 
and heating thermal energy (QHP-net) are calculated using Eq. (15) and 
Eq. (16), as 150 W and 0.19 kWh, respectively. The net heat pump co
efficient of performance calculated using Eq. (17) is 0.85. 

PHP− net =PHP− cond + PHP− evap (15)  

QHP− net =
PHP− net⋅tAH

3600
(16)  

COPHP− net =
QHP− net

Wel,V − AH − Wel,V
(17) 

Utilising the additional internal measurement planes are essential to 
quantify the contribution of the integrated technologies and to investi
gate the standards test methodology when applied to a unique config
uration. From Fig. 10, simultaneous measurement of test phase 2, the 
overall coefficient of performance is calculated as 5.07, PHR,phase,2 and 
PHP-net are calculated as 1075 W and 150 W using Eqs. (11) and (15), 
respectively. As a result, the percentage contributions for the enthalpy 
exchanger is 88% while HP is 12%. Similarly, from Fig. 10, using the 
standards two-phase test method, the overall coefficient of performance 
is calculated as 5.07, where PAH is calculated as 1225 W using Eq. (3). 
However, the supply air heating coefficient of performance is calculated 
as 3.40, where the increased supply air heating capacity, PAH minus PHR, 
is calculated as 600 W, due to the heat pump operating in test phase 2, 
but switched off during test phase 1. In this way, the increased supply air 
heating capacity due to the HP operation, is equal to the sum of PHP-net 
(150 W) and the increased heat recovery capacity (450 W). As a result, 
the percentage contributions for the enthalpy exchanger (PHR, 625 W) is 
51% while HP (600 W) is 49%. 

5. Conclusion 

The ability of EN16573:2017 standard’s two-phase test methodology 
to identify and quantify the thermal performance characteristics of 
multifunctional balanced ventilation units has been experimentally 
investigated. The study focused on two similar, yet physically different 
configurations (C1 and C2) of a combined air-to-air heat exchanger and 
air-to-air heat pump operating in space heating mode. While the stan
dard’s two-phase test methodology can accurately measure the overall 
coefficient of performance (COPAH-V of 5.09) of both configurations it 
fails to isolate and measure the heat pump (renewable contribution) for 
the C2 configuration. It has been identified that this failing stems from 
an underlying assumption that heat pump operation does not impact on 
heat exchanger performance. While this assumption holds for the C1 
configuration, it does not hold for the C2 configuration, as the heat 
pump evaporator is located downstream of the enthalpy exchanger. 

The heat recovery capacity during test phase 1 (625 W) is not equal 
to the heat recovery capacity during test phase 2 (1075 W, as calculated 
using the simultaneous measurement method). The unique location of 
the heat pump evaporator coil increased the temperature difference 

Fig. 9. Recorded data charting the variation in air flow dry bulb temperature 
and humidity ratio for configuration C2 operating in space heating mode; 
during test phase 2 at the standards rating operating conditions. 
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across the enthalpy exchanger by 7.14 
◦

C, this led to a 42% (450 W) 
increase in the heat recovery capacity. As a result, the supply air heating 
coefficient of performance is calculated as 3.40. The percentage con
tributions for the enthalpy exchanger (PHR, 625 W) is 51% while HP 
(PAH, 600 W) is 49%. These results highlight how the current standard 
quantify the energy efficiency and renewable generation by measuring 
primary contributions of both the HP and enthalpy exchanger. However, 
with the addition of the measurement planes we can further see that the 
heat pump has separate contributions. In this context, the increased 
supply air heating capacity due to the HP operation, is equal to the sum 
of PHP-net (150 W) plus the increased heat recovery capacity (450 W), 
where this additional increase may be considered a secondary contri
bution by the enthalpy exchanger. In such a scenario, the percentage 
contributions for the enthalpy exchanger increases to 88% (1075 W 
including both primary and secondary contributions) while HP is 12% 
(150 W). The additional measurement planes offer a useful insight into 
the individual and dynamic contributions of the HP and enthalpy 
exchanger for novel unit configurations, such as the one studied in this 
work. Efforts to quantify the respective contributions of the heat 
exchanger and heat pump can be summarised as follows; 51%: 49% 
(EN16573:2017, Fig. 7); 88%:12% (two additional measurement planes, 

Fig. 8); and 42%:58% (one additional measurement plane, Fig. 11). Of 
these options this paper concluded that the 42%:58% heat exchanger 
heat pump contribution best reflected the operation of this integrated 
system. 
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