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Abstract

A micro-heat pump in combination with a mechanical
ventilation with heat recovery (MVHR) unit is developed
and integrated in the facade in the framework of the
iNSPiRe project. The heat pump uses the exhaust air of
the MVHR unit as a source and provides heat to the
supply air of the ventilation system. Thus, one compact
unit can be used for combined ventilation and heating
(and/or cooling). Fresh outdoor air flows into the MVHR
unit, where it is heated with a heat recovery efficiency of
up to 90%. It is then further heated by the micro-heat
pump up to a maximum of 52 °C in order to supply space
heating (reverse operation for cooling possible in future
versions). A simulation study has been performed to
investigate the energy performance of the micro-heat
pump. A detailed physical model of the uHP is
developed within the Matlab simulation environment
and validated against measurements of two functional
models in so-called PASSYS test cells. The performance
of the system is investigated for different renovation
standards (EnerPHit with 25 kWh/(m2-a) and PH with 15
kWh/(m?-a)) at 7 different climatic conditions.

1. Introduction

The majority of existing building stock in Europe
and worldwide is poor energy performance
buildings and renovation plays a major role in
achieving climate protection and energy
independence. Deep renovation solutions in
combination with integrated HVAC systems are
developed within the framework of the iNSPiRe
European project. In this work the development,
testing and modelling of a fagade integrated micro-
heat pump (uHP) in combination with mechanical

ventilation with heat recovery (MVHR) is

Part of

presented. Different functional models are
developed in the framework of the iNSPiRe EU-
project and are measured in PASSYS test cells
(Passive Solar Systems and Component Testing) at
the laboratory of Innsbruck University and will be
later monitored in a demo Dbuilding in
Ludwigsburg, Germany. It is an example of social
housing built in the 1970s, which contains 4 flats on
4 storeys. During the renovation process, a
prefabricated timber frame facade will be fitted
onto the building. The reliability and durability of
the unit will be tested and the components and the

system including control will be optimized.

2. Motivation and Concept

The main objective of the development of a fagade
integrated micro-heat pump (uHP) is a cost-
effective mechanical ventilation system with heat
recovery (MVHR) in combination with a vapour
compression cycle for heating/cooling (uHP) for
the application in very energy efficient buildings
with a specific heating load in the range of 10
W/m2. The exhaust air of the MVHR is the source
of the micro-heat pump with a heating power of
approx. 1 kW, which heats the supply air to max.
52 °C. A pre-heater (defroster) and backup heater
for peak load coverage are required. For comfort
reasons, an additional bathroom radiator is
recommended.

The prefabricated unit is designed as a compact
system for fagade integration and thus minimal
space use. With this compact mechanical
ventilation heating (and cooling) system, cold

ducts inside the thermal envelope can be avoided.
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As the whole solution will be prefabricated, the
construction and installation time can be kept as
short as possible. A minimal installation effort is
desirable for economic reasons. With the micro-
heat pump, renovations with minimum
intervention are enabled (minimum invasive
renovation). A simplified hydraulic concept is

shown in Figure 1.
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Fig. 1 — Hydraulic scheme of the micro-heat pump

The ambient air (1) will be heated with the
defroster (5) if the ambient temperature drops
below -3 °C (optionally -5 °C). The filter for the
ambient air (6) is situated in front of the heat
exchanger (16). The ventilator for the supply air (8)
is situated after the heat exchanger. The supply air
will be heated in the condenser (13) of the micro-
heat pump. If the temperature of the supply air
after the condenser is too low to cover the heat
load, a supplementary heater (15) will heat the
supply air (3) up to 52 °C. The extracted air (2) of
the room is filtered (7) before the heat exchanger.
After the heat exchanger, the ventilator for the
exhaust air (9) is situated. The compressor of the
heat pump is situated in the air flow of the exhaust
air in front of the evaporator (11). This is changed
to the ambient air in the most recent version. The
expansion valve (12) reduces the pressure between
condenser and evaporator. Hot gas defrost (14) is
necessary in case of ice formation in the

evaporator.

84

3. Thermodynamic Analysis

The MVHR, the vapour cycle and the air
heating/cooling are modelled in steady state with
Matlab  using  the
[CoolProp2014] to derive the thermodynamic states

CoolProp  functions

of the refrigerant and of the air.

3.1 MVHR

The enthalpy balance (eq. 1) of the heat exchanger
(excluding the ventilators) includes thermal losses
to the ambient and gains from the room,
respectively:
Hepe — mm{HexF:,D,i’ HEIF:,D,LS:' = Hsu_n,n,i - Hr:rr.b,l -
QlossvHA
(M

The effective heat transfer capability UAe« can be
calculated based on the effectiveness of the MVHR
nemr acc. to the definition of Passive House Institute
(PHI)

Peiyent 2)
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which is measured for conditions that exclude the
occurrence of condensate. The effectiveness is
published for many products, see Feist (2014). The
effective heat transfer capability is assumed to be
constant for all operation conditions (as there is
always laminar flow) except for the case when
condensation occurs, see Siegele (2014). The actual
heat transferred from the warm to the cold stream
depends on the flow rate as well as on the ambient
and extract air conditions (temperature and rel.

humidity) and can then be calculated by

: 3)
Darmn = Udgpy - A8,
with the logarithmic temperature difference
Ad _ ':'59:=Ll_bsuﬂ_:-_]:' _l:bi-.':ll_:\-_]_bmﬂll_uj (4)
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Here, the power of the ventilators P has to be
slrsnt
considered:
Falupgnr (5)
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sup i = Faupl T Tome,
Falugnr (6)

Boxnni = Pexhp~ 2ic,
where the index i is used for the temperatures
inside the MVHR (i.e. before each ventilator). Note
that the condensation is accounted for with the

effective heat transfer capability (which is a
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function of the extract air humidity ratio and the
ambient temperature) and therefore the approach
must be considered as non-physical. For a physical
approach, a discrete MVHR model has also been
developed and used for comparison. The discrete
model is significantly more time consuming.

For the performance of the MVHR the pre-heater

power

. ) R (7)
Qpref’:ea:sr =Mg- ':hcrr.i'_i. - hr.'mi'_DJ
has to be considered. The COP of the MVHR can
then be calculated as follows

g +F

mrhezie

COPyonn =

el

3.2 Vapor Cycle

A simplified physical vapour cycle model for the
HP is used to perform a sensitivity analysis and to
optimize the components. Pressure losses in and
between the components are disregarded with the
exception of the pressure loss in the condenser
which is considered by a given pressure difference
Apcond. Subcooling and superheating are considered
in a simplified way with given temperature

differences ATsub and ATsuper, respectively (Fig. 2).
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Fig. 2 — Pressure vs. enthalpy diagram of the heat pump cycle,
Heat Pump Cycle (thin dashed line): a) evaporator outlet, b)
compressor inlet, c) compressor outlet, d) condenser inlet, e)
condenser outlet, f) expansion valve inlet, g) evaporator inlet
Simplified heat pump cycle (thick dashed line): 1) superheated
vapor, 2) condenser inlet, 2*) saturated vapor at pc.ng, 3*) boiling
liquid at pcong, 3) sub-cooled vapor, 4) evaporator inlet, 1*)
saturated vapor at peyap

The evaporator is divided in three sections (film
evaporation, evaporation and superheating) with
varying shares of the total evaporator area Aevap,
which is 4 m? in the functional model. The heat
transfer coefficients are assumed to be constant in
each section. Correspondingly, the condenser is
divided in de-super-heating, condensation and
sub-cooling sectionsm, again with varying shares
of the total condenser area Acnd and constant (i.e.
given) heat transfer coefficients. The section areas
of evaporator and condenser are determined
iteratively.

The mass flow of the refrigerant
N )

Mypgp =D E0s/min Feuc ool

is a function of the displacement which is here
D=6.2cm?® (Embraco, hermetic reciprocating
compressor, speed controlled) and of the
volumetric efficiency which is approximated by the

following equation

By 1)
Moot = 1 — V- (T d _1}
Here, Vc is the clearance volume fraction, which is
a function of the compression ratio and the
compressor speed and has to be determined from
compressor data. For sake of simplicity instead of

the polytropic exponent n, the isentropic exponent

. (11)
Cy
is used. The compression ratio
— Pas (12)

Poue
is a function of the compressor discharge pais and
suction psuc pressure and determines the isentropic
efficiency, which can be approximated by a
polynomial or implemented by means of a 2D-
lookup table.

The electrical efficiency of the inverter depends on
the speed of the compressor and can be
approximated with the following polynomial

Netiny = (—1.08- 1077 - (N/RPM)* + 0.000%-
(W/RPM) — 1.034) %

(13)
Finally, the performance of the heat pump
0 (14)
COPy, = —==
|
ooy
and the system performance can be calculated
15)
T WL L S
CGP:_I_: — =mehpzt MYVH ot

e Pt Pt
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Here, the electric consumption of the heat pump is
Fs-l_::-m.ﬁ (16)

PELHF = Maw

The post-heater power is included
17)

merhsn:rsr =y ':hsu;:l_: - hsu;:l_lj'
For the post-heater either a given temperature e.g.

.. is assumed or alternatively the
E:u_u-_ﬂ =527
power of the post-heater is calculated given a

constant required total heating power which is

, . . (18)
Q[:: =my e ':h:u_t:-_ﬂ - h:m;;_[:,}

4. Simulation Results and Sensitivity
Study

4.1 Reference Case

The performance of the micro heat pump is a
function of the following boundary conditions:
- Speed of the compressor (rounds per
minute, rpm) (high influence)
- Volume flow (high influence)
- Ambient temperature (small influence)
- Room temperature (small influence)

- Room humidity (very small influence)

The resulting temperature vs. humidity ratio

diagram is shown in Fig. 3.
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Fig. 3 — Temperature vs. humidity ratio diagram
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Taking a flow rate of 90 m3%h and maximum

compressor speed (4500 rpm) as an example, for
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the boundary conditions of -10 °C and -5 °C
ambient temperature and 20 °C extract air
temperature with a relative humidity of 35% and
the parameters mentioned in table 2 below the

following results are obtained:

Table 1 — Performance of the yHP

Parameter -10 °C -5°C
COPsys w\ post-heat. to 52°C ~ 1.93 2.15
COPsys = 2.56 w\ o post-heat. 2.07 231
COPwp 1.54 1.53
Do [ [W] 1594.2 14485
@ pretressing / [W] 179.9 51.3
Doz / [W] 766.3 763.6
Prevem / [W] 539.9 548.5
o J— 1Y 108.1 85.0
fipnren / [g/h] 50.2 56.0
Mezndzns=r / [g/h] 194.8 192.3

The pre-heater is assumed to work ideally, here
(pre-heating to -3 °C). Due to the cyclically
required deicing of the evaporator the system COP
decreases from 2.31 to 1.88 at -5 °C. The deicing
control offers potential for optimization.

The parameters used for the simulation correspond
to the design of the first functional model (see
section 5) and are summarized in table 2. An
improved version is currently being measured in
the lab and better performance can be expected.
The aim is a heat pump COP of at least 2, see also

section system simulation, below.

Table 2 — Parameter of the MVHR and pHP, see Siegele (2014)

Parameter Symbol  Value Unit
(range)

Volume flow \V 20 m3/h

rate (60 ... 150)

Specific Pelvent 0.4 Wh/m3

ventilation

power

Heat recovery T|PHI 0.85 -

efficiency (PHI

definition)

Heat losses of Qiossmvar 0 W

MVHR

Compressor D 6.2 cm3

displacement

Clearance Ve 0.0375 -

Volume fraction

Compressor Nmin 2000 rpm

frequency (1000 ...
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4000)
Refrigerant - R290 -

(R134a)
Heat loss Qioss,comp 0 w
compressor
Electrical Tcomp 0.85 -
efficiency of
compressor
Area of Aevap 4 m?
evaporator
Heat transfer Utilm 20 W/(m?2 K)
coefficient of Uevap
evaporator Usuper
Area of Aevap 3 m?
condenser
Heat transfer Udesuper 10 W/(m2 K)
coefficient of Ucond 3
condenser Usub 3
Superheating AT'super 5 K
Subcooling ATswp 1 K

4.2 Sensitivity Analysis

The ambient conditions have no significant
influence on the COP of the heat pump (if a
constant i.e. given compressor speed is assumed).
However, they have significant influence on the
defrosting (i.e. pre-heating), backup (i.e. post-
heating) and the deicing demand and thus on the
system COP. The compressor frequency (i.e.
compressor power) and the volume flow influence
the COP and COPsys most, see Fig. 4 for the

sensitivity of various parameters.

0.8

T T
—HB— fiow rate (const. 9

flow rate (const. P)

0.6

0.4 Anx [T

rel. change of COP

CaoSgerH

-0.2

-1.5 -1 -0.5 o 0.5 1 1.5
rel. change of parameter

0.6 T T
—HB— flow rate (const. 9)
flow rate (const. P)
Noin
0.5 Acond
—D— o,
)
= R
0.4 &=+ displacement D
e
™
P
2 0.31 o
@ i g
a <4 Qs
Q
o
5 0.2
®
=
c
5]
=
]
T 01
P S I AN | i SN NI SECEEELL
-0.1
-0.2
-1.5 -1 -0.5 o} 0.5 1 1.5

rel. change of parameter

Fig. 4 — Relative change of COP and of system COP vs. relative
change of various parameters

5. Functional Model, Measurements
and Validation System simulations

5.1 Performance measurements

Different functional models of facades with an
integrated mechanical ventilation system with heat
recovery are developed in the framework of the
iNSPiRe EU-project and are measured in PASSYS
test cells (Passive Solar Systems and Component
Testing) at the laboratory of Innsbruck University.

The investigation of constructional and building
physics aspects was in the focus of the
development of the first functional model of a
facade with integrated MVHR. Furthermore,
practical aspects such as accessibility (maintenance,
repair, filter change) have been addressed. A
second functional model - the micro-heat pump in
combination with MVHR unit - is developed and
integrated in a timber frame facade and tested in
the second PASSYS test cell. The second functional
model is primarily designed to measure the
performance of the MVHR unit and of the micro-
heat pump and to validate the simulation model. It
was therefore built in a facade without a window.
The second functional model was optimized based
on experimental and simulation results and is

currently being tested.
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A third functional model will be installed in the

acoustic test rig for sound measurements.

Figure 5 shows both functional models installed in
C0f,., ,the PASSYS test cells at UIBK.

¥ o e, A’%
Fig. 5 — PASSYS test cell at UIBK with installed functional
models, left cell: 1st functional model (MVHR next to window),
right cell: 2nd functional model (WHP and MVHR) — photo: UIBK

To achieve better agreement between simulation
and measurement instead of a constant UA-value,
a calibrated function is used. The effective UA-
value is decreasing for higher relative humidity
due to condensation inside the heat exchanger. For
boundary conditions without condensate, the
effective UA-value can be assumed to be constant.
The effective UA-value drops to 50% in case of
high amounts of condensate; see Siegele (2014) for
details.

5.2 Validation of the Simulation Model

The measured and simulated coefficient of
performance of the system is displayed in Fig. 6 as
a function of the ambient temperature with the
speed of the compressor as parameter. The
simulation model slightly overestimates the COPsys
for lower ambient temperatures and
underestimates in case of higher ambient
temperatures. Overall, relatively good agreement

can be achieved; see Siegele (2014) for more details.
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Fig. 6 — Simulated and measured system COP as a function of
the ambient temperature with the compressor speed as
parameter

The COP of the pHP is, with values below 2,
relatively poor. An improved version has been
developed (a compressor with higher capacity
situated in the supply air before the condenser,
refrigerant R134a, condenser area 4 m?) with the
aim to obtain a heat pump COP higher than 2 and
system COP of at least 3 for 4500 rpm.

Measurements are ongoing.

6. System Simulation

The validated physical model is used to generate a
performance map of an improved pHP for system
simulations. The heating with the uHP of a single
family house with two levels of heating demand
(15 kWh/(m? a) and 25 kWh/(m? a) is simulated in
seven European climates (see Dermentzis et al.
2014 for a detailed description ). Here, detailed
results for the location Stuttgart (Meteonorm) are

presented.

6.1 Building Model

The building considered in this study is a semi-
detached single-family house, with a tempered
floor area of 78 m2. It is defined within the iNSPiRe
project [iNSPiRe, 2014] as a typical European
single-family house construction. The actual
building is located in London, UK, and consists of
two floors and an unheated attic, with an insulated
ceiling between the top floor and the attic
[Gustafsson, et al.,, 2014]. The ventilation rate is
taken to be 0.4 h! and the infiltration rate 0.1 h-..

Two renovation levels (i.e. U-values of roof, floor,
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walls and windows) are defined: EnerPHit (EN)
and Passive House standard (PH).

In MATLAB Simulink the complex building model
of the Carnot Blockset is used. In this study, only
space heating is investigated. Total energy
consumption includes heat pump compressor,
backup heater, defroster of heat recovery and
ventilator fans. Thus, all energy consumed is

electricity.

6.2 Influence of the size of the heat
pump power and of the control
strategy on the performance

A set of dynamic simulations is performed to
investigate the influence of the controller. At a first
step, sensitivity analysis is performed assuming
constant compressor frequency. The on/off
controller with hysteresis is used. The different
RPM correspond to different heating capacity of
the micro-heat pump as shown in Table 3.
Additionally, dynamic simulations are performed
using a PI controller parameterized for the
frequency-controlled compressor with a range of
2000 to 4500 rpm. In Fig. 7 the total electrical
consumption is presented. The results show an
improvement of system performance by using a PI
controller. The benefit of a PI controller compared
to the on/off controller with maximum frequency
(4500 RPM) is about 13% for EnerPHit and 20% for
PH standard, but only 2 to 3% in case of the
optimal dimensioned speed. The main advantage
of the speed-controlled compressor might be that
the possibilities of an improperly dimensioned heat
pump with regard to the building load is reduced.

Table 3 — Heating capacity of micro-heat pump

RPM Prp / [W] COP
2000 384 3.84
2500 453 3.33
3000 520 2.96
3500 584 2.68
4000 646 2.40
4500 710 2.11
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Fig. 7 — Total electrical consumption using PI or on/off controller.

Fig. 8 shows the load duration curve of the
building heating load and the load covered by the
micro-heat pump. Results are presented for two
control strategies: PI controller (continuous line)
and on/off controller with constant compressor
speed (dotted line) - the optimum speed is chosen

(see Fig. 7).
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Fig. 8 — Load duration curves of the building and load covered by
the micro-heat pump using Pl controller and on/off controller (@
2500 RPM) with the building in PH standard; daily average values

Also with a PI controller, the backup heater is
needed for the peak loads. In the case of the on/off
controller, the share of the backup heater increases

significantly.

7. Outlook & Conclusion

The aim of this work is the development of a uHP
with a MVHR and to establish a cost-effective and
reasonably efficient system for ventilation, heating
and optional cooling for very efficient buildings
such as Passive Houses or buildings renovated to
EnerPhit standard. Functional models have been
built and are tested in PASSYS test cells.

Measurement results are used to validate a new
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simplified physical MVHR and heat pump model.

The physical model delivers results with relatively
good accuracy. The model can be used to assist
optimizations  and  further = developments.
Simulation is used to show that the performance of
the heat pump can be further improved. This is
part of ongoing and future developments.
Furthermore, the results delivered by the physical
model can be used as input for system simulations.
Results of simulation studies show that the concept
of the pHP is feasible. The micro-heat pump will
be monitored in a demo building in Ludwigsburg.

The pHP represents a cost-effective compact
heating system for buildings with very high-
energy performance (new buildings as well as for
deep renovations) which - integrated in a
prefabricated fagade - can be applied with
minimum space use and reduced construction and

installation effort and time.
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9. Nomenclature

P power (W)

o} density (kg/m?)

) temperature (°C)

sP specific power (Wh/m?)

T temperature (K)

T compression ratio (-)

U overall heat transfer coefficient
\Y% Volume (m?3)

Subscripts/Superscripts

a air (dry air)
amb ambient

C Clearance
comp compressor
cond condenser
dis discharge
el electric

eff effective
exh exhaust

ext extract
evap evaporator
HP heat pump
i inside/internal
inv inverter
min minute
MVHR mech. vent. with heat recovery
ref refrigerant
S saturation
suc suction

sub sub-cool
super super-heat
sup supply

Sys system

tot total

vent ventilation
vol volumetric
References

Symbols

A area (m?2)

Cp» Cy specific heat capacity (J/(kg K))
COP coefficient of performance
D displacement (m?3)

H enthalpy (J)

h efficiency (-)

K isentropic exponent (-)

m mass flow (kg/s)

N revolutions (rpm)

n polytropic exponent (-)

p pressure (Pa)
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