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This paper presents an innovative reversible Heat Pump/Organic Rankine Cycle (HP/ORC)

experimental unit designed to be coupled to a Net Zero Energy Building (connected to a

120 m2 thermal solar roof and a ground heat exchanger). The system can operate in three

different modes: an ORC mode to produce electricity when a large amount of heat is

collected by the solar roof, a direct heating mode using exclusively the solar roof, and a HP

mode for space heating during cold weather conditions. This paper describes a compre-

hensive experimental campaign carried out on a prototype unit using a modified HVAC

scroll compressor (4 kWe). From the results, the technical feasibility of the system is

demonstrated. A cycle efficiency of 4.2% is achieved in ORC mode (with condensation and

evaporation temperature respectively of 25 �C and 88 �C) and a COP of 3.1 is obtained in HP

mode (with condensation and evaporation temperature respectively of 61 �C and 21 �C).

© 2015 Elsevier Ltd and IIR. All rights reserved.
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Nomenclature

Variables

COP Coefficient of performance [e]

cp Specific heat [J (K kg)�1]

g Gravity [m s�2]

h Enthalpy [J (Kg)�1]

H Height [m]
_m Mass flow [kg s�1]

NPSH Net Positive Suction Head [m]

P Pressure [bar]
_Q Heat transfer [W]

Res Residual [W]

t Temperature [�C]
_V Volumetric flow [m3 s�1]
_W Power [W]

X Oil fraction [e]

Greek symbols

r Density [kg m�3]

ε Effectiveness [e]

h Efficiency [e]

ф Filling factor [e]

4 Kinetic energy factor [m3 kg s�2]

D Difference [e]

Subscripts

amb Ambient

cd Condenser

cp Compressor

el Electrical

ev Evaporator

ex Exhaust

exp Expander

Hp Heat pump

hp High pressure

is Isentropic

lp Low pressure

oil Oil

ORC Organic Rankine Cycle

pp Pump

r Refrigerant

sat Saturation

sc Sub-cooler

su Supply

vol Volumetric

th Theoretical

tot Total

w Water
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1. Introduction

By 2020, greenhouse gases emissions must be reduced by 20%

as compared to the levels of 1990, according to European ob-

jectives (20e20e20 objectives) (European Commission, 2012).

This goal will be achieved both through an increase in the

proportion of renewable energy from 9% to 20%, and an in-

crease in energy system efficiency of 20%. Households ac-

count for 27% of the final energy consumption (European

Commission, 2011) and therefore have the potential to

contribute significantly to the targeted reduction in emissions.

Various technologies and concepts are being investigated,

developed and implemented in the building sector. In this

particular project, five different concepts are combined: Net

Zero Energy Buildings (NZEB), heat pumps (HP), solar energy,

micro-combined heat and power generation (mCHP) and the

Organic Rankine Cycle (ORC).

Net Zero Energy Buildings (Jagemar et al., 2010; Kurnitski

et al., 2014) are expected to gain a significant importance: by

2019, all new buildings should present a total renewable en-

ergy production higher than their primary energy consump-

tion (European commission, 2010). This concept has already

been successfully implemented using solar thermal and

photovoltaic collector technology (Saitoh and Fujino, 2001). An

alternative is the integration of a reversible HP/ORC, which

constitutes a promising solution for NZEBs.

The use of water-to-water heat pumps is an established

technology that allows the production of heat efficiently in

various applications (Hepbasli and Yalinci, 2009). It is
estimated that in the European Union, a reduction of 54% of

CO2 emissions could be achievedwith the introduction of heat

pumps into the building sector (Bettgenh€auser et al., 2013).

The prototype unit presented in this paper is very similar to a

classical water-to-water heat pump in terms of components

and costs (see Section 3.3).

There is a necessity to increase the share of renewable

resources in the primary energy balance, both for environ-

mental reasons and energy security (European Commission,

2012). The International Energy Agency (IEA) projections

involve, among others, a 16% coverage of the needs of low

temperature heat by solar heating (International Energy

Agency, 2012). However, thermal collectors are characterized

by the mismatch between heat supply and demand, i.e., dur-

ing summermonths, the heat demand is at its lowest at a time

when heat production through the solar collectors is the

highest. This leads to the necessity to either undersize the

solar collectors (leading to low solar factors), or to collect a

large amount of unused heat. Thus, using any excess heat to

produce electricity constitutes an interesting option, given an

appropriate conversion technology such as the proposed HP/

ORC unit.

The idea of using solar powered Rankine system for do-

mestic applications has been investigated for several years

(Wolpert and Riffat, 1995). Although PV panels produce elec-

tricity with a higher efficiency (z12%e20%) than current low

temperature (<100 �C) ORC systems (z12%) (Twomey et al.,

2013), some authors have shown that low temperature ORCs

could reach a potential efficiency of up to 20% by using an
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Fig. 1 e The reversible HP/ORC unit integrated in a

residential building (Innogie, 2014).
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advanced components and zeotropic mixtures (Bao et al.,

2011). Furthermore, the proposed ORC system allows for

Combined Heat and Power production (CHP) and can shift its

electrical production in time with a storage system. This is a

non-negligible advantage in terms of flexibility and load

shifting on future electric grids.

Few publications report successful experimental in-

vestigations on the use of solar energy to produce electricity at

a domestic scale with Rankine cycles. In 1997, a Rankine cycle

was used to recover solar energy at low temperature (165 �C)
and produced around 2.24 kWe of electricity (Almanza and

Lentz, 1998). Later, in 2001, a radial flow turbine was used in

a hybrid gas burner/solar system to produce 1.5 kWe (Oliveira

et al., 2002). In 2002, a hybrid ORC system combining diesel

and solar energy was tested successfully with scroll ex-

panders (Kane et al., 2003). Following that, an experimental

investigation of a small-scale solar ORC heat engine for

distributed power was carried out in 2009 (Orosz et al., 2009).

In 2010, a rolling-piston expander was used to produce up to

1.73 kW using heat energy from flat plate and evacuated tube

collectors (Wang et al., 2010). Recently, a 2 kWe Rankine cycle

with 2D tracking parabolic trough collector for CHP has been

tested (Bouvier, 2013) and a two-stage micro solar ORC with

two scroll expanders working in series was investigated

(Georges et al., 2013) and tested (Dickes et al., 2014). Several

proof-of-concept implementations of such units have been

successfully tested, however, the technology has not yet

reached commercial maturity.

Combined heat and power generation can be implemented

to produce electricity with a small environmental footprint in

some applications. CHP has the potential to providemore than

30% of the Europe's electricity while not reducing the conti-

nent's heat independency (European Commission, 2011). A

potential advantage of distributed power generation is that it

can avoid the electricity transportation losses characteristic of

large, centralized power networks (Oliveira et al., 2002).

Furthermore, the thermal energy exhausted form large-scale

plants often cannot be further utilized economically. Lower

capacity CHP plants constitute an interesting alternative to

the traditional centralized power plants (Oudkerk et al., 2011).

In this work, a micro CHP plant is theoretically investi-

gated. The plant design chosen for investigation uses flat plate

solar collectors combined with a gas burner, as described by

Facao et al. (2008). Recent works on small-scale solar cogen-

eration ORCs using scroll expanders present encouraging es-

timations of the dynamic performance (Twomey et al., 2013;

Ziviani et al., 2014). An experimental 3 kWe ORC designed

for CHP has been shown to be interesting economically with

an overall cost of 3000$ (Malavolta et al., 2010). Multiple pub-

lications also suggest that scroll expander is particularly

appropriate expansion technology for micro-CHP application

(<10 kWe) (Qiu et al., 2011; Quoilin, 2011).

In conclusion, the elements integrated into this project

(NZEB, solar energy, ORC, HP, CHP) promise to be massively

deployed in the future. The heat pump is used to efficiently

produce thermal energy for a house in winter. The solar en-

ergy generated by the roof can be used to produce electricity

through an ORC system and to fulfil directly the heat re-

quirements of the house when appropriate (CHP possibility).

Finally, this system coupled to a passive house is a promising
way to achieve a Net Zero Energy Building at a manageable

economic cost.

This paper contains four parts. The first part is a descrip-

tion of the reversible HP/ORC unit with its three different

operating modes. Then, the experimental setup is presented

detailing all of the components and sensors. In the third part,

results from the experimental campaign are described and

discussed. Finally, interesting prospects and conclusions are

formulated in the fourth section.
2. Description of the HP/ORC system and its
operating modes

A micro-scale Organic Rankine Cycle contains very similar

technology to that of a heat pump; refrigerants, compressor,

evaporator, condenser, regenerator. After having proved the

feasibility of reversing a scroll compressor to run as a scroll

expander, the idea of using one single unit that could work in

both modes (heat pump and ORC) is a logical next step. The

reversible HP/ORC unit investigated in this paper is originally a

water-to-water heat pump connected to a 138.8 m2 solar roof

(Innogie,2013)andtoahorizontalgroundheatexchanger (Fig. 1).

By adding a pump to the classic heat pump design and

reversing the rotation of the scroll compressor (Saitoh et al.,

2007; Lemort et al., 2009; Orosz et al., 2009; Quoilin, 2011; Lu

et al., 2012), it is possible to run it as an ORC to generate

electricity (Innogie, 2013; Dumont et al., 2014). The goal is to

provide electricity in summer months thanks to the ORC

mode and heating from the heat pump in winter months. In

addition to the ORC and HP modes, a third operating mode is

defined; when the solar source is used directly for space

heating or domestic hot water production. The flowchart from

Fig. 2 presents a simplified scheme describing the selection

between the three operating modes. It should be noted that

this figure outlines a preliminary control strategy, not an

optimal control system based on weather forecast, storage

temperature, ground temperature and heat demand.

The technology of reversible HP/ORC unit coupled to a

building has been investigated for the first time in 2011

(Schimpf et al., 2011). In this study, the authors developed a

simulation tool to evaluate the economical benefits of such a

concept using only a small thermal roof (12 m2) and a vertical

ground heat exchanger. Later, in 2013, the concept of a passive

house with a large solar absorber (138.8 m2) coupled with a

horizontal ground heat exchanger (300 m long) has been

http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008
http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008


Fig. 2 e Flowchart to select the operating mode.
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patented (Innogie, 2013). Finally, an optimization of the size of

the system has been completed, and promising results have

been announced. The optimized systemmodel indicates a net

electrical production of 2609 kWh/year while also meeting the

space heating demands (Dumont et al., 2014).
2.1. Organic Rankine Cycle mode (ORC)

This mode converts the thermal energy absorbed by the solar

collector on the roof into electricity. The ORC mode (Fig. 3) is

run when the meteorological conditions are sufficient to get a

positive net electrical production and the heat demand of the

house can be covered by thermal energy in the storage tank

(Fig. 2). The pump increases the pressure of the working fluid

which then passes through to an evaporator, where the fluid is

vaporized using the thermal energy from the solar roof.

Following that, the working fluid flows into the expander

(modified compressor) where electricity is produced. Thermal

energy is then transferred from the working fluid in the

ground heat exchanger, and the fluid is condensed. In addition

to these components, a liquid receiver (tank) is used to handle

the variation of the refrigerant charge and a four-way valve
Fig. 3 e Simplified scheme o
allows switching between the inlet and outlet of the

compressor (see Section 4.1).

2.2. Direct heating mode (DH)

In this mode, heat absorbed by the solar roof is directed to the

storage through an intermediate heat exchanger (Fig. 4). The

direct heating mode is used to heat the storage at times when

the storage temperature is not sufficient to cover the heat

demand of the house, as long as there is enough incident solar

energy to raise the supply temperature in the storage to a

sufficient level.

2.3. Heat pump mode (HP)

When direct heating is not sufficient to fulfil the heat demand

of the house, the heat pumpmode is activated to increase the

storage temperature (Fig. 5). First, the compressor increases

the pressure and temperature of the working fluid to release

its heat in the storage through the condenser. The refrigerant

then flows into the expansion valve and is further evaporated

at a low temperature thanks to the thermal energy from the

roof.
3. Experimental setup

3.1. Layout

In order to verify the promising simulation results described

previously by the authors (Dumont et al., 2014), an experi-

mental study is performed on the HP/ORC prototype with

refrigerant R134a (annex: Fig. 17 of Dumont (2014)). A scheme

of the test rig is outlined in Fig. 6 with the main elements

shown; compressor, evaporator, condenser, pump and valves.

The refrigerant loop (dark blue) also includes a liquid receiver

for charge variations and a subcooler used to provide a suffi-

cient degree of subcooling at the inlet of the pump. This loop

also includes a four-way valve that allows for switching be-

tweenORC and HPmodes and a bypass valve that is necessary

to start the expander in ORCmode. The evaporator is supplied

by a water loop (red) connected to an electrical boiler (150 kW).

The condenser is cooled by tap water (light blue) to simulate
f the unit (ORC mode).

http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008
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Fig. 4 e Simplified scheme of the unit (direct heating mode).

Fig. 5 e Simplified scheme of the unit (HP mode).

Fig. 6 e Detailed scheme of the experimental setup (dark blue¼ refrigerant loop, red¼ heating loop and light blue ¼ cooling

loop). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article).
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the cold water flow in the storage or the ground heat

exchanger, depending on the mode of operation.
3.2. Components

The design step and technological choices were based on a

simulation model and presented by the authors (Dumont

et al., 2014). The selected components will therefore only be

briefly presented in this paper.

The same scroll machine is used as both the expander

(ORC) and the compressor (HP). Scroll machines are well

proven for the compression of refrigerants in small systems

around the targeted heating capacity. In expander mode, this

technology is also particularly suitable for the low targeted

electrical output (<10 kW) (Qiu et al., 2011; Quoilin, 2011).

Compressor selection was performed by comparing the net

electrical production (ORC production minus heat pump

consumption) over a whole year (Dumont et al., 2014). The

optimum sizing of the scroll machine results in a trade-off

between winter and summer conditions. The selection of an

expander (or compressor) with an overly small displacement

will constrain the maximum electrical production, and hence

prevent the maximum usage of the heat generated in sum-

mer. A too large displacement leads to low electrical produc-

tion because the scroll machine must then work at part load

most of the time. The compressor is connected to the grid

(50 Hz) and therefore runs at a constant speed (neglecting the

slip of the inductionmotor). A phase inverter allows switching

from compressor mode to expander mode. To the authors'
knowledge, it is the first time that an off-the-shelf HVAC scroll

compressor has been used as a compressor and as an

expander in the same application. The compressor has been

modified following the methodology proposed by Quoilin

(2011). These modifications include the opening of the cas-

ing, the removal of the check valve and the addition of a spring

below the floating seal.

Plate-type heat exchangers are used for the evaporator and

condenser (Table 1). They are selected for their compactness,

efficiency and low cost. The pump is a volumetric plunger-
Table 1 e Technical data of the compressor, evaporator, conde

Component Parame

Compressor Displacement (compresso

Built-in volume ratio [e]

Max pressure [bar]

Motor power at max curr

Evaporator Exchange area [m2]

Max. pressure [bar]

Max temperature [�C]
Condenser Exchange area [m2]

Max. pressure [bar]

Max temperature [�C]
Pump Maximum flow [l/min]

Max. pressure [bar]

Max temperature [�C]
Motor [kW]

Expansion valve Flow direction

Max. pressure [bar]

Max temperature [�C]
Nominal thermal heat at
type pump. The pump's rotational speed is controlled by an

inverter (Table 1). An electronic expansion valve is chosen for

its controllability compared to traditional expansion valves

(Table 1).
3.3. Sensors

This section summarizes the data acquisition (DAQ) system

together with the technical data of the sensors. The pressure

and flow sensors are described in Table 2. A Coriolis flowmeter

is used to measure the refrigerant mass flow rate with high

accuracy. The cold loop and hot loop water volumetric flow

rates are measured manually with water counters. All tem-

peratures are measured by T-type thermocouples. Their

measuring range is between �200 �C and 350 �C, with a

maximum error of ± 0.5 K. Watt-meters are used to measure

theelectrical power consumptionof thepumpandcompressor.
4. Experimental results

4.1. Measurements validation

Experimental campaigns are often subject to measurements

issues such as sensor malfunction, operator misuse or data

acquisition failure. Therefore, it is of primary importance to

crosscheck the experimental data for consistency using all

possible redundancies in the measured data, performing heat

balances on all components and checking that the measured

data is self-consistent. The following verifications have been

performed:

- Global residual (Eq. (1), (annex: Figs. 18 and 19 of Dumont

(2014))

Resglobal ¼ _Qev;w þ _Wcp=exp;el � _Qcd;w � _Qsc;r þ
�
_Wpp;el

�
(1)
nser, pump and expansion valve.

ter Value

r mode) [cm3] 82.6

2.8

32

ent [kW] 4

4.08

32

225

3.12

32

225

15.1 (at 1725 RPM)

206

121

1.5

Unidirectional

45

100

the condenser [kW] 13
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Table 2 e Sensors technical data (FS ¼ full scale).

Sensors Location Range Accuracy [%FS]

Pressure Condenser in and Condenser out [bar] [0:25] 0.5

Evaporator out [bar] [0:40] 0.5

Cold water and hot water [bar] [0:6] 0.5

Scroll suction port (compressor) [bar] [0:20] 0.05

Scroll ex (compressor) [bar] [0:40] 0.3

Difference condenser [bar] [0:0.3] 0.5

Difference evaporator [bar] [0:0.15] 0.5

Difference scroll [bar] [0:20] 1

Flow Refrigerant [kg/s] [0:0.3] 0.2

Cold water [m3/h] [0:3] 1

Hot water [m3/h] [0:10] 1

Wattmeter Pump [W] [�2000:2000] 0.5

Compressor/expander [W] [�6000:6000] 0.5
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- Heat balance on the condenser and evaporator (Eq. (2),

annex: Figs. 22 and 23 of Dumont (2014))

_mrðhr;su � hr;exÞ þ _moil$cpoil$ðtr;su � tr;exÞ ¼ _mw$cpwðtw;ex � tw;suÞ
(2)

- Residual on the compressor and expander (Eq. (3), annex:

Figs. 26 and 27 of Dumont (2014))

Rescp ¼
�� _Wcp;el � _mrðhr;ex � hr;suÞ � _moil$cpoil$ðtr;ex � tr;suÞ
� _Qcp;amb

�� (3)

The verifications show that the residual of each balance is

lower than the uncertainty propagation error for the different

components for almost all the points. The few exceptions

encountered can be explained by the solubility of oil and

ambient losses not having been taken into account. Mea-

surements are presented in two separate tables (Dumont,

2014).
Table 3 e Minimum and maximum values of the main
parameters in HP mode.

Parameter Nomenclature Minimum Maximum

Condenser thermal

power [kW]

_Qcd;r 9 17

Evaporation

pressure [bar]

Pev 3 6.5

Condensation

pressure [bar]

Pcd 6 20.5

Mass flow rate [kg/s] _mtot 0.049 0.113

Compressor power

consumption [kW]

_Wcp;el 1.87 4.3

Coefficient of

performance [e]

COP 2.7 7.1

Compressor isentropic

efficiency [%]

εcp,is 69 79

Compressor volumetric

efficiency [%]

εcp,vol 95 115
4.2. Heat pump performance

4.2.1. Range of operating conditions and achieved
performance
Table 3 presents the variation range of the main operating

conditions observed in heat pump mode for the 31 stabilized

measurement points (Dumont, 2014). Performance is assessed

in terms of coefficient of performance (COP), volumetric effi-

ciency and isentropic efficiency, defined according to Eqs.

(4)e(6). mtot is defined as the sum of refrigerant and oil mass

flow rates. Table 3 also shows the condenser thermal power

on the refrigerant side ( _Qcd;r ), the electrical power consump-

tion of the compressor ( _Wcp;el), the evaporation pressure (Pev)

and condensation pressure (Pcd).

εcp;is ¼
_mtot

�
hcp;ex;is � hcp;su

�
_Wcp;el

(4)

εcp;vol ¼
_Vcp;su

_Vcp;th

(5)

COP ¼
_Qcd;r

_Wcp;el

(6)

4.2.2. Comparison with theoretical nominal point
In a previous publication by the authors (Dumont et al., 2014),

the design and the sizing of the test bench has been performed

using validated semi-empirical models of each component. A

nominal steady-state operating point was defined for both the

HP and ORC modes. It is therefore of interest to compare the

experimental data with the predicted nominal conditions.

This comparison is presented in Table 4with key performance

data and in Fig. 7 with the comparison of the theoretical and

measured temperatureeentropy diagrams. The different

steps of the process are observed in Fig. 7: expansion valve

exhaust and evaporator supply (1), evaporator exhaust and

four-way valve (low pressure lp) supply (2), four-way valve (Lp)

exhaust and compressor supply (3), compressor exhaust and

four-way valve (high pressure hp) supply (4), four-way valve

(Hp) exhaust and condenser supply (5), condenser exhaust

and sub-cooler supply (6), sub-cooler exhaust and expansion

valve supply (7).

http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008
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Table 4 e Comparison of the results between experiments and theory (HP).

Parameter Nomenclature Theoretical nominal Experimentation

Condenser thermal power [kW] _Qcd 13 11

Evaporation pressure [bar] Pev 5 4

Condensation pressure [bar] Pcd 17 15.9

Mass flow rate [kg/s] _mr 0.1 0.066

Compressor power consumption [kW] _Wcp;el 3.09 3.5

Coefficient of performance [e] COP 4.2 3.14

Compressor isentropic efficiency [%] εcp,is 69 66

Compressor volumetric efficiency [%] εcp,vol 91 95

Fig. 7 e TeS diagram for the HP mode (Dashed

lines ¼ theoretical cycle, plain lines ¼ actual cycle).
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The performance of the experimental system is slightly

lower than theoretical predictions for electrical power con-

sumption and COP. This is explained by the following:
- An unexpectedly high pressure drop through the four-way

valve (up to 1 bar) upstream from the compressor inlet (see

Section 4.2.5).

- The nominal point was defined with a subcooling of 2 K.

However, in this unit, an additional subcooling is necessary

to ensure accurate measurement in the Coriolis flowmeter

(where two-phase flow and vapor bubbles are not accept-

able). In Fig. 7, a 6 K sub-cooling is observed at the inlet of
Fig. 8 e Coefficient of Performance versus lift.
the expansion valve, 4 K greater than in the theoretical

model.

- Fig. 7 also shows that non-negligible heat transfer occurs

between the high and low pressure sides in the four-way

valve, i.e. the refrigerant is heated before entering the

compressor and the refrigerant is cooled down at the

exhaust of the compressor. This heat exchange reaches a

magnitude of up to 200 W depending on the data points.

- Finally, a higher degree of superheat was present in the

experiment than was assumed for the model (6 K

compared to the assumed value of 3 K). This extra super-

heating was necessary to avoid unsteady conditions at the

compressor inlet (annex: Fig. 28 of Dumont (2014)).
4.2.3. Global performance
As shown in Fig. 8, and in agreement with heat pump theory,

the COP decreases with an increase in the temperature lift

requirement (Eq. (7)). The measured COP values range be-

tween 3.1 and 3.8 around the nominal temperature lift of 45 K.

lift ¼ ��tev;sat � tcd;sat
�� (7)

4.2.4. Compressor performance
Fig. 9 presents the isentropic and volumetric efficiencies of the

compressor versus the pressure ratio. It should be noted that

the evaluation of the oil fraction in the test rig's scroll volume

remains an unknown since there is no easy way tomeasure it,

however, considering the amount of oil introduced in the

system, the fraction is estimated to be lower than 10%. Error

bars indicate its influence on the measured performance with

a maximum representative 10% oil mass fraction (Eqs.

(8)e(11)).
Fig. 9 e Evolution of the volumetric and isentropic

efficiencies with the pressure ratio.
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Fig. 10 e Pressure drops (HP mode).

Table 6 e Minimum and maximum values of the main
operating conditions and performance in ORC mode.

Parameter Nomenclature Minimum Maximum

Evaporator thermal

power [kW]

_Qev 30 65

Evaporation

pressure [bar]

Pev 16 32

Condensation

pressure [bar]

Pcd 5.4 10.2

Mass flow rate [kg/s] _mr 0.124 0.294
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_mr ¼ ð1� XÞ _mtot (8)

_moil ¼ X$ _mtot (9)

εcp;vol;oil ¼
_Vcp;r;su þ _Vcp;su;oil

_Vcp;th

(10)

εcp;is;oil ¼
_mr

�
hcp;ex;is � hcp;su

�þ _Voil

�
Pcp;ex � Pcp;su

�
_Wcp;el

(11)

Further investigation will be undertaken in future to

determine the oil mass fraction accurately. The uncertainty

error propagation was found to be negligible compared to the

uncertainty on the oil mass fraction. Fig. 9 shows that

compressor volumetric efficiency is consistently close to

unity, with some relatively high values greater than 1.1. These

higher values can most likely be explained by the effect of the

oil mass fraction in the scroll volume. Isentropic efficiency

conforms to expectations (less than 5% error with the manu-

facturer data) and the maximum is reached at nominal vol-

ume ratio.

4.2.5. Heat exchangers
For clarity, only minimum andmaximum values of the pinch-

point temperature in the heat exchangers are presented in

Table 5. The pressure drops (Fig. 10) and pinch-points are

found to be small for both the evaporator and the condenser.

Pressure drops are proportional to kinetic energy, presented

as a function of the kinetic energy factor (Eq. (12)). As the flow

is always turbulent, the pressure drop is expected to be line-

arly proportional to the kinetic energy factor if the friction

factor is considered constant.

4 ¼ _m2
r

r
(12)

4.3. Organic Rankine Cycle mode

4.3.1. Range of operating conditions and achieved
performance
Table 6 presents the range of the 39 stabilized measurement

points in ORC mode (Dumont, 2014). The performance is

assessed in terms of the overall efficiency, the isentropic ef-

ficiency and the filling factor (equivalent of the volumetric

efficiency for an expander) evaluated through Eqs. (10), (13)

and (14).

hglobal ¼
_Wexp;el � _Wpp;el

_Qev;r

(13)

εexp;is ¼
_Wexp;el

_mtot

�
hexp;su � hexp;ex;is

� (14)
Table 5 e Exchanger performance in HP mode.

Exchanger Evaporator Condenser

Pressure drop [bar] [0.048:0.133] [0.043:0.062]

Pinch-point [K] [0.2:7.6] [2.1:5.1]
4.3.2. Comparison with theoretical nominal point
In the same manner as for the heat pump measurements,

Table 7 and Fig. 11 present a comparison between the exper-

iment and the theoretical nominal operating point. The

following flow stages are presented in Fig. 11: Subcooler

exhaust and pump supply (1), pump exhaust and evaporator

supply (2), evaporator exhaust and four-way valve supply

(High pressure Hp) (3), four way valve exhaust (Hp) and

expander supply (4), expander exhaust and fourway valve (Lp)

supply (5), four way (Lp) exhaust and condenser supply (6)

and, condenser exhaust and subcooler supply (7).

The performance is lower than expected by the theoretical

model in terms of electrical power generation and efficiency.

This is explained by:

- A low expander isentropic efficiency (see section 4.3.4). In

Fig. 11, a higher entropy expansion is indeed observed

during the experiment (see section 4.3.4).

- In Fig. 11, a significant pressure drop (up to 3.6 bar) is

observed in the four-way valve at the exhaust of the

expander (see Section 4.2.5).

- An higher than expected subcooling is required to avoid

any pump cavitation (Section 4.3.5). In Fig. 11, a 10 K sub-

cooling is observed at the exhaust of the sub-cooler.
Expander electrical

production [kW]

_Wexp;el 0.125 3.696

Global efficiency [%] hglobal 0 5.3

Expander isentropic

efficiency [%]

εexp,is 10 63

Expander filling

factor [e]

фexp 1 1.1

http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008
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Table 7 e Comparison of the results between experiments and theory (ORC).

Parameter Nomenclature Theoretical nominal Experimentation

Evaporator thermal power [kW] _Qev 62 62

Evaporation pressure [bar] Pev 33 32

Condensation pressure [bar] Pcd 7 10.3

Mass flow rate [kg/s] _mr 0.3 0.266

Expander electrical production [kW] _Wexp;el 5.9 3.7

Global efficiency [%] hglobal 7.5 4.2

Expander isentropic efficiency [%] εexp,is 68 58

Expander filling factor [e] фexp 1.019 1.02

Fig. 11 e T-s diagram for the ORC mode (comparison

between experiments and theory). Dashed lines ¼ Theory,

plain line ¼ experiment.
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4.3.3. Overall efficiency
Fig. 12 shows the overall efficiency (Eq. (13)) versus tempera-

ture lift (Eq. (7)). The overall efficiency of the ORC and the

power production increases with an increase in temperature

lift as expected, until the efficiency reaches a maximum value

of 5.2%. It should be noted that the optimal efficiency is

reached at part load (i.e. with lowmass flow) because it avoids

the occurrence of an excessive pressure drop in the four-way

valve.

The pressure drop in the low pressure side of the four-way

valve (see Section 4.2.5) is found to reduce the overall effi-

ciency. If this pressure drop did not occur, the expander
Fig. 12 e ORC efficiency versus lift Measured global

efficiency and simulated global efficiency evaluated by

deleting the pressure drop on the four way valve and

expander electrical production.
exhaust pressure would be significantly lower, leading to a

greater pressure difference across the expander (and thus to a

higher electrical production). The global efficiency of the unit

is simulated without the four-way valve pressure drop, and is

presented in Fig. 12. A higher impact from the pressure drop

could be expected at high temperature lift conditions (i.e. high

flow and thus high pressure drop) but this is balanced by the

decrease of the isentropic efficiency of the expander when

increasing the pressure ratio (i.e. high pressure ratio and

therefore high over-expansion losses).

4.3.4. Expander performance
Fig. 13 presents the filling factor (as defined in Eq. (5)) and the

isentropic efficiency (Eq. (14)) of the expander. The influence

of the unknown oil mass fraction is greater than the mea-

surement uncertainty propagation and is represented through

error bars indicating the impact of a 10% oil mass fraction

(similar to the compressor e Eqs. (10) and (11)).

The filling factor is close to unity for each point except

when working at low pressure ratio (values below 2.3). This

could be explained by unloading phenomenon between the

two scrolls leading to larger flank leakages. The isentropic

efficiency is increasing with the pressure ratio up to 0.63. This

efficiency is slightly lower than the efficiency of other scroll

machines reported in literature (Aoun and Clodic, 2008;

Lemort et al., 2009; Quoilin, 2011; Zanelli and Favrat, 1994;

Yanagisawa et al., 1990; Manzagol et al., 2002) but this could

be explained by the adaptations made to the scroll unit in

order to work both in compressor and in expander, and by the

relatively high oil fraction. The use of an expander with a

dedicated expansion geometry (not a modified compressor)
Fig. 13 e Evolution of the expander filling factor and

isentropic efficiency with the pressure ratio.

http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008
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Fig. 14 e Pump efficiency.

Table 8 e Range of measured heat exchanger
performance metrics in ORC mode.

Exchanger Evaporator Condenser

Pressure drop range [bar] [0.023:0.09] [0.151:0.46]

Pinch-point range [K] [0.4:8.8] [0:13]

Fig. 16 e Pressure drops (ORC).
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and a dedicated motor is expected to increase the efficiency

above what is observed in this experiment.

4.3.5. Pump performance
The refrigerant pump has been tested over a large range of

pressure differences [8.7 bare25.2 bar] (Fig. 14). The volu-

metric efficiency (Eq. (5)) is found to be nearly constant and

presents a slight decrease at high pressure difference, which

could be explained by an increase of internal leakages. The

isentropic efficiency (Eq. (4)) increases with increasing pres-

sure difference up to 50%. The main explanation is that the

electrical motor efficiency is low when working at part load

conditions (i.e. low pressure ratios). This isentropic efficiency

is rather high for this type of applications (small power and

low working fluid viscosity) compared to literature (Quoilin,

2014). The pump electrical efficiency could be significantly

increased with a smaller motor (i.e. 1 kW instead of 1.5 kW).

The volumetric efficiency versus NPSH, defined by Eq. (15),

is presented in Fig. 15. This figure shows that this pump re-

quires a relatively highNPSH (around 10m) corresponding to a

minimum necessary subcooling of around 10 K. This is

necessary to avoid cavitation. One explanation for the

observed spread of the measurement points is because the

refrigerant level H above the pump is not measured, and so is

assumed to be constant at 1 m.
Fig. 15 e Pump volumetric efficiency.
NPSH ¼ Hþ 105

�
pcd;ex � ppp;sat

rg

�
(15)

4.3.6. Heat exchangers
Similar to the heat pump operating mode, only the minimum

and the maximum values of the pinch-point temperature in

the exchangers are presented in Table 8 for clarity. Globally,

the observed pinch-points and pressure drops (Fig. 16) are

relatively small, indicating that the evaporator and the

condenser are correctly sized for this application. The results

presented show that the condenser has a non-negligible

pressure drop of above 0.5 bar at high flow rates. It should

be noted that the pressure drop sensor is installed to include a

30 cm long section of pipe in the test set up, adding to the

measured pressure drop.
5. Conclusion

Former studies in literature (Schimpf et al., 2011, Quoilin,

2013) have assessed the theoretical environmental and eco-

nomic potential of this reversible HP/ORC unit. This paper

presents an experimental test setup, and the main results of

experiments carried out in the Thermodynamics Laboratory

in Li�ege.

The results from the experimental setup presented prove

the feasibility of the HP/ORC concept, and indicate encour-

aging performance for the system. The heat pump provided a

COP of 3.1 at the nominal point (evaporation temperature of

21 �C and condensation temperature of 61 �C). In ORCmode, a

maximum thermal efficiency of 4.2% was measured at an

evaporation temperature of 88 �C and condensation temper-

ature of 25 �C with a gross power output of 3.7 kW.

Some weaknesses are identified in the experimental setup

which explain its lower performance compared to theoretical

http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008
http://dx.doi.org/10.1016/j.ijrefrig.2015.03.008


i n t e rn a t i o n a l j o u r n a l o f r e f r i g e r a t i o n 5 4 ( 2 0 1 5 ) 1 9 0e2 0 3 201
predictions: the pressure drop and heat transfer occurring in

the four-way valve, the lower than normal expander effi-

ciency, the high NPSH of the pump and the lack of insulation

on the test unit. The four way valve pressure drop can be

reduced by using a valve with a larger cross-sectional area, or

by removing this component altogether and using another

system architecture. The expander efficiency could be

improved by using a purpose-built expander geometry and a

motor instead of an off-the-shelf compressor. Another pump

design with a lower NPSH requirement could help to reduce

the required sub-cooling.

Several improvements to future experimental setups can

be recommended from these conclusions. First, the significant

influence of the oil fraction on the results indicates that it is

necessary to develop the experimental analysis in order to

determine it precisely. These measurements can be used to

calibrate semi-empirical models so as to predict the perfor-

mance with a wide range of inputs. Finally, dynamic simula-

tions of the experimental unit coupled to the house envelope,

the storage, the solar roof and the ground heat exchanger

could provide useful additional information, such as an eco-

nomic comparison with other technologies, comparison of

different climates and house envelope, comparison of

different storage sizes, and the potential benefits of more

developed control strategies, among others.
Annex

Fig. 17 e Picture of the reversible HP/ORC unit.
Fig. 18 e Global relative residual (heat pump).2

Fig. 19 e Global relative residual (ORC).3

Fig. 20 e Cross-checking of pressure sensor of the

condenser (Heat pump).4

Fig. 21 e Cross-checking of pressure sensor of the

condenser (ORC).5
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Fig. 22 e Heat balance on the condenser (heat pump).6
Fig. 23 e Heat balance on the condenser (ORC).7
Fig. 24 e Evaporator heat balance (heat pump mode).8
Fig. 25 e Evaporator heat balance (ORC generation mode).9
Fig. 26 e Compressor residual.10

Fig. 27 e Expander residual.1

Fig. 28 e Oscillations of the flow due to the electronic

expansion valve. This is observed when the set-point of

over-heating is low.2
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