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ABSTRACT

This thesis deals with heat pumps testing methods and coefficients that are commonly used
for ranking heat pumps in terms of performance and ecological friendliness. For testing
according to ISO standards the inputs for equations are explained. In practical part, data from
a running heat pump are evaluated to rank performance and parameters of the compressor,
e.g. number of working hours or number of defrost.

KEYWORDS

heat pump, coefficient of performance, seasonal coefficient of performance, low potential
heat sources, data evaluation

ABSTRAKT

V bakalatské praci jsou shrnuty dostupné metody a koeficienty uzivané k testovani vykonu a
ekologické naroc¢nosti tepelnych ¢erpadel. Pro testovani dle norem ISO jsou zde také
vysvétleny vstupujici faktory. V praktické ¢asti je vyhodnocen béh realného tepelného
cerpadla z hlediska vykonnostnich parametrii a parametrt tykajicich se béhu kompresoru,
jako je pocet pracovnich hodin nebo pocet odmrazeni.
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1 Introduction

With the price of electrical energy getting higher every year, the market with renewable energy
devices is getting bigger and bigger. One of the examples is the one with heat pumps. Since
90s, when heat pumps got into general awareness, the demand was growing, and still is.

With this demand on a market, the importance of heat pump performance evaluation was
growing. In the end, the customers are partly purchasing such devices as an investment and the
return on investment is then questioned, as needed for calculation of benefits.

Till recently, the only factor used for such comparison is Coefficient of Performance, which
testing procedure can be found in European standard EN 14511. In last 10 years, seasonality is
one of the most important factors, and Seasonal Coefficient of Performance (described in
European standard EN 14825) has much greater importance, as it is giving us better overview
of how the device is working during the whole year.

For both coefficients, there is also a methodology of testing included in the standard and there
are certified laboratories that can perform the testing. The manufacturers are also testing their
devices themselves, and claiming values of such coefficients. On the other hand, the
comparisons made by unbiased laboratories showed great differences between proclaimed
values and reality.

The aim of author’s work is to make a research on possible raking methods used for testing heat
pumps on performance and ecological running, mainly in European Union and then evaluate
performance of a running heat pump.
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2 Principle

Heat pump is a machine that allows us to take away from the environment heat on a low-energy
level and draw it to a high-energy level. This heat can afterwards be used for heating and
domestic hot water (DHW). For the drawing, there must be a certain amount of work added.

The theoretical basis of this system lies in the middle of 19th century, when thermodynamics as
a branch of natural science was born. During this time, 4 laws of thermodynamics were set, that
are valid for all systems that fall within the constraints implied by each. In the various
theoretical descriptions of thermodynamics these laws may be expressed in seemingly differing
forms. [1]

First usage of a heat pump is dated back to 1856, when Czech engineer, Peter von Rittiger,
recognized the principle of the heat pump while conducting experiments on the use of water
vapour’s latent heat for the evaporation of salt brine. As a result, in Austria the heat pump was
used to dry salt in salt marshes. [7]

During the years, the main parts of a heat pump remain unchanged. It basically consists of two
parts — low-pressure part and high-pressure part. While in heating mode, in low pressure part
we can find evaporator and in high-pressure part a condenser. These parts are separated by
compressor on one side and expansion valve on the other side. In cooling mode, the order is
vice versa. [22]
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Distribution

compress
.
S
7

Aoy

evaporate
SsUSpUOD

rm
<
@)
§S)
9
Q
S

Condensor

Expansion Valve

Fig. 2.1. Heat pump cycle. [8]

Theoretical thermodynamical cycles that are most often used to describe a run of a heat pump
are Carnot cycle and Rankin-Clasius cycle.
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2.1 Carnot cycle

Carnot cycle is reversible, ideal and the most efficient heat engine cycle allowed by physical
laws. It sets the limiting value on the fraction of the heat that can be used for an engine
operating between two temperatures. It is not a practical engine cycle because the heat transfer
into the engine in the isothermal process is too slow to be of practical value.

In Carnot efficiency, only temperatures of cold and hot reservoir are taken into consideration.
Te
n=1-+ (2.1)
Theoretical totally reversible Carnot cycle is the one that is most commonly used to describe

what is happening inside a heat pump. In pressure-volume diagram it consists of two isotherms
and two adiabats. [2]

Pa

Fig 2.2.: Carnot cycle. [2]

Reversible isothermal expansion of the gas at the "hot" temperature, Ty (isothermal heat
addition or absorption). During this step (1-2) the gas is allowed to expand and it does work on
the surroundings. The temperature of the gas does not change during the process, and thus the
expansion is isothermal. The gas expansion is propelled by absorption of heat energy Qi and of
entropy from the high temperature reservoir.

12
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AS =2 (2.2)

Ty

Isentropic (reversible adiabatic) expansion of the gas (isentropic work output). For this step (2-
3) the piston and cylinder are assumed to be thermally insulated, thus they neither gain nor lose
heat. The gas continues to expand, doing work on the surroundings, and losing an equivalent
amount of internal energy. The gas expansion causes it to cool to the "cold" temperature, Tc.
The entropy remains unchanged.

Reversible isothermal compression of the gas at the "cold" temperature, Tc. (Isothermal heat
rejection) (3-4) now the surroundings do work on the gas, causing an amount of heat energy
Q- and of entropy to flow out of the gas to the low temperature reservoir. (This is the same
amount of entropy absorbed in step 1, as can be seen from the Clausius inequality.)

As =% (2.3)
Tc
Isentropic compression of the gas (isentropic work input). (4-1) Once again the piston and
cylinder are assumed to be thermally insulated. During this step, the surroundings do work on
the gas, increasing its internal energy and compressing it, causing the temperature to rise to T.
The entropy remains unchanged. At this point the gas is in the same state as at the start of step
1.[12]

T, A > B
T A Y
Tc A <
& D C
I 1
Sa S Sg
Fig. 2.3.: T-S diagram of Carnot cycle
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2.2 Rankine cycle

Idealised Rankine anticlockwise cycle can approximately describe heat pump cycle with real
refrigerant. Rankine cycle count only with isolated heat pump, lossless compression, no
subcooling or overheating of refrigerant and also no pressure loss in a circulation and
azeotropic refrigerant without temperature glide.

Efficiency of simple Rankine cycle is

— Wturbine
Wiwrbine - - - Mechanical power provided by the system per unit of time
Qin .. Heat energy consumed by the system per unit of time

Rankine cycle in T-S diagram looks like this:
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Fig. 2.4. Rankine cycle. [13]
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2.3 Real cycle of a heat pump

Real cycle of a heat pump is not exactly the same as theoretical Rankine cycle, the main
differences are in:

e Overheat of refrigerator vapour, when on compressor inlet there is overheated vapour
when Rankine cycle counts only with saturated vapour. This overheat is although very
beneficial, because it causes higher efficiency and prolongs the lifetime of a compressor

e Subcooling of liquid refrigerant under the line of saturated liquid. This is only
functional, as due to this, the right function of expansion valve is ensured

e Compression of refrigerant’s vapour, as the real compression is not lossless

2.4 Types

Divided by heat sources, drive and heat distributors

2.4.1 Heat sources
Bedrock

A bedrock heat pump uses stored solar energy from the bedrock via a ground collector installed
in one or more vertical boreholes, which can be up to 200 meters deep, the energy can then be
used to provide space heating and hot water. This method of energy collection is ideal if the
plot size is limited or if minimal impact on the plot is required, for larger installations where
high levels of heat extraction are required multiple boreholes can be installed. It is always
advisable to consult a specialist company regarding the design and installation of a vertical
collector system. [16]

e No large plot required

e The hole in the rock maintains an even temperature throughout the year
e Little impact on the plot

e Permits passive cooling

e Suitable for all building types; large and small

Ground source

Ground heat pumps harness the stored solar energy from just beneath the ground surface, via a
horizontal collector loop which is located at a depth of approximately one metre below ground
level and at a distance of approximately 0.75 m apart. This is an ideal system for larger plots of
land, with the exact area required being depending upon the capacity of the heat pump and the
thermal conductivity of the soil in the specific location. [16]

e No drilling needed

e Lower installation costs

e The coil in the ground maintains an even temperature throughout the year
e Permits passive cooling
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Air source

With an air source heat pump there is no need to dig, drill or have a large plot of land. Instead,
the energy is collected directly from the surrounding air using an externally located air module.
This can be located up to 30 metres from the outside of the building and is then linked to a heat
pump unit which is located indoors for maximum efficiency. [16]

e Lower investment costs

e No impact on the ground

e No large plot required

e No heat losses - heat pump unit is inside, only air unit is outside

e Normally no obligation to report installation to municipal environmental health
boards

Lake water source

Lake water heat pumps extract the solar energy stored in lake water through a collector loop
that is lowered to the bottom of the lake. The hose is laid on the bottom of the lake or
watercourse, with weights holding it securely in place and the energy is then collected in the
same way as for the ground heat collector system. [16]

e No drilling needed

e Little impact on your plot

e The lake coil holds an even temperature throughout the year
e Permits passive cooling

Groundwater source

A groundwater heat pump collects energy from the groundwater. The water is pumped up from
a groundwater borehole to a heat exchanger, where the energy is recovered. The water is then
discharged back through another borehole. [16]

e No great size of plot required
e Little impact on your plot

2.4.2 Drive

Electrically driven heat pumps

This kind of heat pumps use electricity to run a compressor that is providing the needed
pressure and flow of refrigerant

Absorption driven heat pumps

16
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Absorption heat pumps use an ammonia-water absorption cycle to provide heating and cooling.
As in a standard heat pump, the refrigerant (in this case, ammonia) is condensed in one coil to
release its heat; its pressure is then reduced and the refrigerant is evaporated to absorb heat.

The difference in absorption heat pumps is that the evaporated ammonia is not pumped up in
pressure in a compressor, but is instead absorbed into water. A relatively low-power pump can
then pump the solution up to a higher pressure. The heat afterwards essentially boils the
ammonia out of the water, starting the cycle again.

Although mainly used in industrial or commercial settings, absorption coolers are now
commercially available for large residential homes, and absorption heat pumps are under
development. The 5-ton residential cooler systems currently available are only appropriate for
homes on the scale of 360 square meters or more. [6]

Absorption coolers and heat pumps usually only make sense in homes without an electricity
source, but they have an added advantage in that they can make use of any heat source,
including solar energy, geothermal hot water, or other heat sources. They are also amenable to
zoned systems, in which different parts of the house are kept at different temperatures. [6]

2.4.3 Heat distributors
Water

Water is mainly used in Europe, Canada and north eastern part of the United States. Low
temperature radiators and convectors of today are designed for maximum operation temperature
of 45-55°C, although conventional radiator systems require high distribution temperature,
typically 60-90 °C

Air

Air is the most common distribution medium used in Japan and the United States that are the
major heat pump markets. The air is either passed directly into a room by the space-
conditioning unit, or distributed through a forced-air ducted system. The output temperature of
an air distribution system is usually in the range of 30-50°C.

Tab. 2.1.: Temperatures of heat distribution systems. [11]

Application Supply temperature range
(°C)

Air distribution Air heating 30-50

Floor heating; low temperature 30 -45
(modern)
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Hydronic systems  Radiators 45 - 55

High  temperature (conventional) 60 - 90

radiators

District heating - hot water 70 - 100

Under floor heating 30-35
District heating District heating - hot water/stream 100 - 180

Cooled air 10-15
Space cooling Chilled water 5-15

District cooling 5-8

3 Overview of evaluable factors

3.1 Performance factors

3.1.1 COP
COP

Coefficient of Performance is the most used coefficient that is used to define the efficiency of a
heat pump. It is also used by heat pump manufacturers to compare and rate performance of
machines they produce. Used like that, it can be very powerful marketing weapon used to either
convince or hoodwink the customer, who is not familiar with the process of analysing
performance.

In order to prevent these misunderstandings and to bond the manufacturers, technical standard
EN 14511 was made in May 2004. Since then, there have been two upgrades of this standard —
in December 2007 and November 2011 (English originals — Czech translations were made after
date of publishing of each standard).

Name of the standard is ,,Air conditioners, liquid chilling packages and heat pumps with
electrically driven compressors for space heating and cooling™ and it consists of four parts:

e Part 1: Terms and definitions
e Part 2: Test conditions

e Part 3: Test method

e Part 4: Requirements

18
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According to current published version this technical standard only concerns electrically driven
heat pumps (so absorption heat pumps driven either by geo-thermal energy or solar energy
aren’t taken into consideration)

Coefficient itself is given by produced heat divided by compressor power input.

_ 1ol
CoP =" (3.1)
Testing is done based on parameters set in technical standard EN 14511. In our case while
testing air-to-water heat pump in heating mode, only shortened tables for air-to-water

systems in heating mode are presented.

Tab. 3.1.: Environmental conditions for units designed for installation indoors
Type Measured quantities Rating test
Air-to-water units with duct | Dry bulb temperature 15°C to 30°C

connection on the air inlet
and outlet side

Air-to-water units without | Dry bulb temperature 15°C to 30°C
duct connection on the air | Wet bulb temperature
inlet and outlet side

Tab. 3.2: Environmental conditions for units designed for installation outdoors
Type Measured quantities Rating test
Air-to-water units with duct | Dry bulb temperature See tables 3.3, 3.4, 3.5, 3.6

connection on the air inlet
and outlet side

Tab. 3.3: Air-to-water and air-to-brine units — Heating mode (Low temperatures)
Outdoor heat exchanger Indoor heat exchanger
Low temperature
applications
Inlet dry bulb | Inlet wet | Inlet Outlet
temperature | bulb temperature | temperature
°C temperature | °C °C
°C
Standard Outdoor air 7 6 30 35
rating Exhaust air 20 12 30 35
conditions
Application | Outdoor air 2 1 a 35
rating Outdoor air -7 -8 a 35
conditions Outdoor air -15 - a 35
Outdoor air 12 11 a 35
a — The test is performed at the flow rate obtained during the test at the standard rating
conditions
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Tab. 3.4: Air-to-water and air-to-brine units — Heating mode (Medium temperatures)
Outdoor heat exchanger Indoor heat exchanger
Medium temperature
applications
Inlet dry bulb | Inlet wet | Inlet Outlet
temperature | bulb temperature | temperature
°C temperature | °C °C
°C
Standard Outdoor air 7 6 45 45
rating Exhaust air 20 12 40 45
conditions
Application | Outdoor air 2 1 a 45
rating Outdoor air -7 -8 a 45
conditions Outdoor air -15 - a 45
Outdoor air 12 11 a 45
a — The test is performed at the flow rate obtained during the test at the standard rating
conditions
Tab. 3.5: Air-to-water and air-to-brine units — Heating mode (High temperatures)
Outdoor heat exchanger Indoor heat exchanger
High temperature
applications
Inlet dry bulb | Inlet wet | Inlet Outlet
temperature | bulb temperature | temperature
°C temperature | °C °C
°C
Standard Outdoor air 7 6 47 55
rating Exhaust air 20 12 47 55
conditions
Application | Outdoor air 2 1 a 55
rating Outdoor air -7 -8 a 55
conditions Outdoor air -15 - a 99
Outdoor air 12 11 a 55
Outdoor air 7 6 a 55
Exhaust air 20 12 a 55
a — The test is performed at the flow rate obtained during the test at the standard rating
conditions
Tab. 3.6: Air-to-water and air-to-brine units — Heating mode (Very high temperatures)

Outdoor heat exchanger

Indoor heat exchanger

Very  high
applications

temperature
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Inlet dry bulb | Inlet wet | Inlet Outlet
temperature | bulb temperature | temperature
°C temperature | °C °C
°C
Standard Outdoor air 7 6 55 65
rating Exhaust air 20 12 55 65
conditions
Application | Outdoor air 2 1 a 65
rating Outdoor air -7 -8 a 65
conditions Outdoor air -15 - a 65
Outdoor air 12 11 a 55
a — The test is performed at the flow rate obtained during the test at the standard rating
conditions

Further information about testing methodology can be found in bachelor thesis by Katerina
Spanihelova, “Heat pumps testing methodologyavailable online. [22]

3.1.2 SCOP

Seasonal Coefficient of Performance

Technical standard EN 14825:2012 also specifies other SCOPs (SCOP,, — active mode
coefficient of performance, SCOP, — net seasonal coefficient of performance) with different
input conditions. More details can be found in mentioned European Standard. Only SCOP is
evaluated in this thesis.

Terms and definitions (for use of this thesis):
SCOP

Seasonal efficiency of a unit calculated for the reference annual heating demands, which is
determined from mandatory conditions given in European Standard EN 14825:2012 and used
for marking, comparison and certification purposes.

For calculation of SCOP, the electricity consumption of a unit is used, including the power
consumption during active mode, thermostat off mode, standby mode, electricity consumption
of turned on crank case heater and where required that of an additional electric back-up heater,
regardless whether this back up heater is included in the unit or not.

SCOPyn

Seasonal efficiency of a unit in active heating mode which is determined from mandatory
conditions given in European Standard EN14825 and used for marking, comparison and
certification purposes.

For calculation of SCOP,,, the electricity consumption during active mode is used. This
excludes the power consumption during thermostat off mode, standby mode, electricity
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consumption of turned on crank case heater. The power consumption of an electric back up
heater is added for the part load conditions where the declared capacity of the unit is lower than
the heating load, regardless whether this back up heater is included in the unit or not.

SCOPnet

Seasonal efficiency of a unit in active heating mode without supplementary electric heaters
which is determined from mandatory conditions given in European Standard 14825 and used
for marking, comparison and certification purposes.

For calculation of SCOP,g, the electricity consumption during active mode is used. This
excludes the power consumption during thermostat off mode, standby mode, electricity
consumption of turned on crank case heater. For the part load conditions where the declared
capacity of the unit is lower than the heating load, the power consumption of a backup heater is
not included.

Tdesignh
Temperature conditions for average (-10°C), colder (-22°C) and warmer (2°C) climates

Tbivalent

Lowest outdoor temperature point at which the heat pump is declared to have a capacity able to
meet 100% of the heating capacity demand. Below this point, the unit may still deliver capacity,
but additional back-up heater in necessary to fulfil the heating capacity demand.

Cooling (Pdesignc) Or heating (Pgesignh) l0ad of the building at Tgesign conditions. It is possible to
calculate the coefficients of the unit for more than one Pgesign Value.

Part load

Cooling or heating load of the building which is less than the full load.
Part load ratio

Part load or full load divided by the full load

Reference heating season(s)

Representative climate profiles by temperature bins for heating corresponding to the reference
design conditions for heating. There are three reference heating seasons: ,,A“ — average, ,,C*“ —
colder, ,,W* —warmer. The climate profiles for heating are explained further.
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TOL - operation limit temperature

Lowest outdoor temperature at which the heat pump can still deliver heating capacity, as
declared by the manufacturer

h;j - bin hours

Sum of all hours occurring at given temperature for a specific location. The number is rounded
to a whole and is derived from representative weather data over the 1982-1999 periods. For the
reference heating seasons the specific locations are Strasbourg (average), Helsinki (colder),
Athens (warmer).

COPpL

Heating capacity at part load or full load divided by the effective power input of a unit at
specific temperature conditions where applicable

Electric back-up heater — elbu

Supplementary electric heater with COP=1, considered in the calculation of SCOP and SCOP,,
regardless of whether this is supplied together with the unit

Part load conditions in heating mode

For the purpose of calculation of application SCOP the part load ratios should be based on exact
part load ratios calculated from the formula in 1st column of table.

The relevant Tgesignn Values are defined as follows

- Tdesign ,,average*
Dry bulb temperature conditions at -10°C outdoor temperature and 20°C indoor
temperature

- Tdesign ,,colder*
Dry bulb temperature conditions at -22°C outdoor temperature and 20°C indoor
temperature

- Tdesign ,,warmer
Dry bulb temperature conditions at +2°C outdoor temperature and 20°C indoor
temperature

Relevant Tpivaent is defined as follows:

- For the average heating season, the dry bulb bivalent temperature is +2°C or lower
- For the colder heating season, the dry bulb bivalent temperature is -7°C or lower
- For the warmer heating season, the dry bulb bivalent temperature is +7°C or lower
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Tab. 3.7: Example of part load conditions air-to water units for reference SCOP,
reference SCOP,,, SCOP,; calculation of air-to-water units for medium
(45°C) temperature application for the reference heating season ,,A* —
average.
Average Outdoor heat Indoor heat exchanger
exchanger
Part load ratio Part Outdoor air Inlet/outlet temperatures
load | Inletdry bulb (wet | Fixed Variable outlet
ratio | bulb) temperature | outlet °C
% °C °C
(-7-16)/(Tdesignh - 88 -7(-8) %145 143
16)
(+2-16)/(Tdesignh - 54 2(2) 2145 137
16)
(+7-16)/(Tdesignh - 35 7(6) 2145 /33
16)
(+12-16)/(Tdesignh - | 15 12(11) 2145 /28
16)
(TOL-16)/(Tdesignh -16) TOL 2145 /43-(-7-TOL)/(-7-2)x(43-
37)
(Tbivalent-16)/(Tdesignh - Thivalent 2145 Variable outlet shall be
16) calculated by interpolation
between the upper and
lower temperatures which
are closest to the bivalent
temperature.

& _ With the water flow rate as determined at the standard rating conditions given in EN
14511-2 at 40/45 conditions for units with a fixed water flow rate, and with a fixed delta T of
5 K for units with a variable flow rate
®_ For exhaust air heat pumps part load tests are performed with an outdoor heat exchanger
condition according to EN 14511

Calculation methods for reference SCOP, reference SCOP,,, SCOPpet

The reference SCOP is defined as the reference annual heating demand divided by the annual
electricity consumption. This includes the power consumption during active mode, thermostat
off mode, standby mode, off mode and electricity consumption of turned on crank case heater.

The calculation of the reference SCOP that applies to all types of units is given by the following
formula:
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SCOP = —; L (3.2)
Scopg, THTO* ProtHsp* Psp+Hck* Pck+HorF* PoFF
Qp ... The reference annual heating demand. Expressed in KWh
Hro,Hsp, Hek, Hopp - The number of hours the unit is considered to work in respectively
thermostat off mode, standby mode, crankcase heater mode and
off mode
Pro, Psg, Pck, Porr ... the electricity consumption during respectively thermostat off

mode, standby mode, crankcase heater mode and off mode
expressed in kW

Qn = Pdesigny, * Hp, (3.4)
Pdesign,, ... Full load in heating
Hpe... number of equivalent heating hours (for each heating season are

based on occupancy scenarios for certain types of buildings and
climate BIN method)

S 1 hy PR(T))

SCOP,, = B (3.5)
N corpa(T) +elbu(T )
Y™ (hi* PR(T)—elbu(T;))
SCOPnet = === ) (3.6)
ST e (AT
J=1" copp(T))
T;... The bin temperature
j... The bin number
n... The amount of bins
Py(T;) ... the heating demand of the building for the corresponding
temperature T; expressed in kKW
h; ... The number of bin hours occurring at the corresponding
temperature T;
COPPL(Tj) The COP values of the unit for the corresponding temperature T.
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elbu(T;) ... The required capacity of an electric back-up heater for the
corresponding temperature Tj;, expressed in KW

Calculation procedure for determination of COPp_ at part load conditions for air-to-
water units

Fixed capacity units

For each part load conditions the COPp is calculated as follows

CR

COPpLaB,.cD) = COPDC-m (3.7)
COPpe ... The COP corresponding to the declared capacity (DC) of the unit
at the same temperature conditions as for part load conditions A,
B,C,D
C. ... The degradation coefficient
CR ... The capacity ratio

Capacity ratio is a ratio of the total stated cooling (heating) capacity of all operating indoor
units to the stated cooling (heating) capacity of the outdoor unit at the rating conditions. [15]

To see how to calculate EERp, of variable capacity units see European Standard EN 14825

For air-to-water units the degradation coefficient C. due to the pressure equalisation effect
when the unit restarts can be considered as negligible. The only effect that will impact the COP
at cycling is the remaining power input when the compressor is switching off.

Than the degradation coefficient C. is determined for each part load conditions as follows:

measured power of compressor o state

total power input (full capacity at the part load conditions)

3.1.3 EER, SEER

For evaluation of refrigeration systems — systems working in a cooling mode, we mostly use
two coefficients — EER (Energy Efficiency Ratio) and SEER (Seasonal Energy Efficiency
Ratio).

Terms and definitions
Tdesign,
Temperature conditions at 35°C dry bulb (24°C wet bulb) outdoor temperature and 27°C dry

bulb (19°C wet bulb) indoor temperature
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EER - energy efficiency ratio

Ratio of output total cooling capacity divided by total power input, measured in Watt /Watt at
one point.

EERpc -- energy efficiency ratio at declared capacity

Declared cooling capacity of the unit divided by the effective power input of a unit at specific
temperature conditions, expressed in kW/kW

EERp. — energy efficiency at part load conditions

Cooling capacity at part load or full load conditions divided by the effective power input of a
unit at specific temperature conditions. The EER includes degradation losses when the declared
capacity of the unit is higher than the cooling capacity demand. [15]

SEER - seasonal energy efficiency ratio

Seasonal efficiency of a unit calculated for the reference annual cooling demand, which is
determined from mandatory conditions given in European Standard EN 14825 and used for
marking, comparison and certification purposes.

For calculation of SEER, the electricity consumption of a unit is used, including the electricity
consumption during active mode, thermostat off mode, standby mode and electricity
consumption of turned on crank case heater. [5]

SEER,, — active mode energy efficiency ratio

Seasonal efficiency of a unit in active cooling ode which is determined from mandatory
conditions given in European Standard EN 14825 and used for marking, comparison and
certification purposes

For calculation of SEER,,, the electricity consumption during active mode is used, excluding
the electricity consumption during thermostat off mode, standby mode and electricity
consumption of turned on crankcase heater. [5]

EER calculation

EER is a single-point efficiency measurement for an AC or refrigeration compressor at specific
condition.

To calculate EER we use the following:

EER =

Cooling capacity in Btu/hr (3 9)
Input power in watts )
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Tab.3.8: Part load conditions for reference SEER and reference SEER,,
calculation air-to-water units

Part load ratio | Part | Outdoor heat Indoor heat exchanger
load exchanger
ratio Inlet/outlet temperatures
% Air dry bulb Fixed Variable Variable outlet
temperature outlet outlet °C °C
°C °C
A: (35- 100 35 1217 12/7 23/18
16)/(Tdesignc -
16)
B: (30- 74 30 a7 /8,5 /18
16)/(Tdesignc -
16)
C: (25- 47 25 a7 4110 /18
16)/(Tdesignc -
16)
D: (20- 21 20 a7 4/11,5 /18
16)/(Tdesignc -
16)
# — With the water flow rate as determined during ,,A* test for units with a fixed water flow
rate or with a fixed delta T of 5 K for units with a variable flow rate

Calculation methods for reference SEER and reference SEER,,

Reference SEER is the reference annual cooling demand divided by the annual electricity
consumption. This includes the power consumption during active mode, thermostat off mode,

standby mode, off mode and electricity consumption of turned on crankcase heater. [5]
SEER = — Ce (3.10)
SEERg, T HTO ¥ ProtHsp X Psp+HckX Pck+HorFX PorF

Q.... The reference annual cooling demand expressed in KWh

Hro,Hsg, Heg, Hopp - .. The number of hours the unit is considered to work in respectively
thermostat off mode, standby mode, crankcase heater mode and
off mode

Pro, Psg, Pck, Porr - The electricity consumption during respectively thermostat off

mode, standby mode, crankcase heater mode and off mode
expressed in kW

Q. = Pdesign, x H., (3.11)
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STy hj Pe(T))

SEER,, = o) (3.12)
e )
T;... The bin temperature
j... The bin number
n... The amount of bins
P.(T)) ... The cooling demand of the building for the corresponding
temperature T; expressed in KW
hj ... The number of bin hours occuring at the corresponding
temperature T;
EER (T]) The EER values of the unit for the corresponding temperature T;

Calculation procedure for determination of EERp_ at part load conditions for air-to-water
units

Fixed capacity units

For each part load conditions the EERp, is calculated as follows

CR

EERPL(B,C,D) = EERDCCCCR—(I—CC) (313)

EERpc ... The EER corresponding to the declared capacity (DC) of the unit
at the same temperature conditions as for part load conditions B,
Cand D

C. ... The degradation coefficient

CR ... The capacity ratio

To see how to calculate EERp. of variable capacity units see European Standard EN 14825.

While using the mentioned standard, calculating EER is a useful method of comparing different
compressors and operating-condition choices. Generally speaking, compressor with higher EER
could be expected to perform better in a system than one that has lower EER.

Biggest benefit of EER is that it is standardized as a measure of compressor performance,
although it cannot represent how well actually the system operates. On the other hand, the
biggest limitation in usage is that in any given location, the ambient temperature varies greatly
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from a single condensing-temperature rating point. In some regions, temperatures never even
reach the ambient temperature corresponding to the EER rating-point condition.

SEER is related to EER, the efficiency rating for equipment at a particular operating point and
is calculated over a range of expected external temperatures, so the relation is very relative,
depending on location, because equipment performance is dependent on air temperature,
humidity and atmospheric pressure.

SEER also has its limitations. It is a seasonal value, and performance at severe conditions is not
heavily weighted, it is not an indicator of demand. SEER might be a good way to compare
equipment, but is not an ideal indicator of energy use, neglecting the high load on hot summer
days in this case.

3.1.4 AEER

While taking seasonality into account, AEER for a fixed load refrigeration system does a better
job, not neglecting the high load on hot summer days. It is a weighted average performance of a
refrigeration system, using varying condensing temperatures tied to the actual weather data for
location. AEER is a single number that represents an average performance for whole year and
leads easily to calculations of total annual power and energy cost.

There is a case study done by Emerson Climate Technologies, Inc. using EER in comparison
with AEER to evaluate the efficiency of walk-in refrigeration process. The results of this study
showed, that one compressor having lower EER than the other could actually be more efficient
when the performance of both compressor is evaluated through the entire operating range, using
the AEER analysis. [27]

3.2 Ecological factors

3.2.1 Life cycle evaluation

3.2.1.1 GWP

Global-warming potential (GWP) is a relative measure of how much heat a greenhouse
gas traps in the atmosphere. It compares the amount of heat trapped by a certain mass of
the gas in question to the amount of heat trapped by a similar mass of carbon dioxide. A GWP
is calculated over a specific time interval, commonly 20, 100 or 500 years. GWP is expressed
as a factor of carbon dioxide (whose GWP is standardized to 1). [29]

The GWP depends on the following factors:

¢ the absorption of infrared radiation by a given species
o the spectral location of its absorbing wavelengths
o the atmospheric lifetime of the species
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Thus, a high GWP correlates with a large infrared absorption and a long atmospheric lifetime.
The dependence of GWP on the wavelength of absorption is more complicated. Even if a gas
absorbs radiation efficiently at a certain wavelength, this may not affect its GWP much if the
atmosphere already absorbs most radiation at that wavelength. A gas has the most effect if it
absorbs in a "window" of wavelengths where the atmosphere is fairly transparent. The
dependence of GWP as a function of wavelength has been found empirically and published as a
graph. [29]

Intro

While testing heat pump, we calculate efficiency of usage of electrical energy, that is consumed
by the compressor (or the whole unit) and we compare it to the heat provided (in air
conditioning, the coldness).

From ecological point of view, we are not only saving our money while using less energy than
with conventional heating systems, but also helping the environment, while producing less CO,
emissions and thus reducing CO, potential. We can also calculate Primary Energy reduction
potential and compare it with other heat pump systems and with conventional heating systems.

Energy consumption

Energy needed to heat our houses with common systems can be calculated as following. As the
AE is < 1, these systems will need more final energy than the usable energy that is delivered to
the system.

final energycommon-systems [kWh] = usable en:;gy e (3.14)
AE ... Annual efficiency (in common systems it varies approximately from 0,75

to 0,86 depending on fuel type and boiler system type)

And on the other hand, while calculating a final energy consumption of a heat pump, we use
following:

usable energy [KWh]
SPF[-] (3.15)

final energypeatpump [KWh] =

With SPF being number > 1, it is obvious, that the final energy demand will be lower than the
usable energy demand
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Life cycle of a heat pump

During the life cycle of a heat pump, we can identify more phases, as following:

Production phase Use phase EndjTe phase
AL AL
r N N ™
Extraction,
processing,
transports
etc.
Extraction, Prod
processing, Prod. Fuel/elec
transports refrigerant
etc.
Extraction,

A Prod. . .
processing, raw material Prod. Use Re(.jycllng Recyc_lmg/
transports 1 HP HP refrigerant landfill HP

etc.
Extractlpn, Prod.
processing, ial
transports raw mzaterla ?
etc.
Prod. of: :
Steel |
Copper Jp——

Isolation material
etc.

Fig. 3.1. Life cycle of a heat pump. [26]

It was proved by other studies, that emissions related to the production and end of life phase are
small in comparison with use phase emissions, also the coefficients further discussed are not
taking these phases into consideration. [14,26]

3.2.2 TEWI
Terms and definitions
AE [—] ... Annual Efficiency
fo [%} Primary energy factor
GWPlkg CO,e/kg] ... Global Warming Potential of refrigerant, relative to CO, (GWP
CO; =1)
kg COZ - .
TEWI [m] Total Equivalent Warming Impact
K [kg Z‘V)VZ:] CO,e — emission coefficient
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m [kg] ... Refrigerant content of the heat pump
L [w] Refrigerant losses of refrigerant per year
year
n[year] ... Operation time of the system in years
ARecovery [—] - Recovery factor during the disposal of the system after life time
Eonnual [%] Annual consumption of electrical energy

TEWI

The Total Equivalent Warming Impact was developed as a comparative index of the global
warming potential based on the total related emissions of greenhouse gases during the operation
of the equipment and the disposal of the operating fluids at the end of a life cycle.

System boundaries for calculation the primary energy use and COe emissions are presented in
a [picture]. These will enable the comparison of heat pump systems by allowing for the
calculation of the COe emission and primary energy reduction potential. [26]

Use phase End of life phase
A AL
SV ™
P ~
7 Extraction, hY
I processing, \
transports 1
: etc. :
1 i 1
I Prod 1
I Fuel/elec ]
| 1
| 1
1 v 1
1 1
1 Use Recycling | 1 Recycling/
] HP “1 refrigerant | 1 landfill HP
1 1
1 1
| 1
\ I

Losses
\ refrigerant 7/

_________ -

System boundaries
TEWI

Fig. 3.2.: System boundaries for TEWI. [26]

The TEWI is calculated according to European Standard EN 378-1, resulting in easy-to-handle
analysis of the different systems. It provides an estimation of the CO,e-emissions of direct
(leakage of refrigerant) and indirect (produced during the generation of electricity used to run
the system). [18]
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Calculation
TEWI = GW Pgjrect + GW Pingirect (3.16)
TEWI = (GWP . Lgpnyar - M) + GWP.m . (1 — trecovery) + Eannuar - K - 1) (3.17)
Tab. 3.9: Annual leak rates by equipment class/application

Equipment class/application Annual leak rates (% p.a.)

Lower Typical Upper
Refrigeration applications
Centralised system (e.g. 5% Maintained 23 %
supermarket rack) 12,5 %,

otherwise 15
%
Condensing units 5% Maintained 23 %
12,5 %,
otherwise 15
%

Road transport 20 % 30 % 40 %
Air conditioning applications
Chillers 5% 7% 9 %
Chillers (using HCFC) - 2 % -
Rooftop packaged systems 4 % 5% 9%
Split systems 3% 4 % 9%
Window/wall units and portable - 2 % -

GWP values for some refrigerants

The GWP presented is the GWP(100, meaning that it is a global warming potential of a
substance in relation to the global warming potential for CO; for the time of 100 years. [Table]
shows this GWP as defined in European Standard EN378 of the most common used
refrigerants.

Tab. 3.10: GWP values for some refrigerants

GWP100) [KQco2/ KQrefrigerant]
R134a 1300
R407C 1650
R410A 1980
R404A 3780
R290 3
R744 (CO,) 1
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Recovery rate

The recovery factor shows how much refrigerant will be lost during the disposal of the system
after life time. The Intergovernmental Panel of Climate Change issued practice guidelines of
refrigerant recovery. Depending of equipment class, the rate varies from 70% to 95%. In
systems with refrigerant charge lower than 100kg, the rate would be expected around 70%, in
applications with greater charge around 90%-95%. [14]

Indirect emissions

While calculating indirect emissions, we are taking into consideration average emissions
intensity of total electric sector generation of the area, state or region. It is than dependent on a
fuel mix used for electricity generation in that each area.

We calculate the coefficient K as follow:

CO,—emisions [g]
K = 3.18
Ecomplete [kWh] ( )

3.2.3 LCCP
LCCP

Until recently, there has been only TEWI model used for evaluation of a global warming impact
of a refrigeration and air conditioning equipment. It takes into consideration both direct and
indirect emissions and makes a balanced comparative index of global warming impact. The
direct impact is calculated from GWP value assigned to each refrigerant and the indirect impact
is calculated from CO, emissions associated with the electricity generation. [9]

LCCP x TEWI

As shown before, in the lifetime of a heat pump consists of more phases, that can be taken into
consideration, in the table below we can find differences between TEWI and LCCP [3].

Tab. 3.11: Differences between LCCP and TEWI [14]

TEWI LCCP
Direct emissions Refrigerant leaks | Direct emissions Refrigerant leaks
(including end of life (including end of life
phase) phase)

Chemical refrigerant
emissions (including
atmospheric ~ reaction
products, manufacturing
leakage and end of life

phase)
Indirect emissions Energy  generation | Indirect emissions Energy generation for
for run of a HP run of a HP

Energy ~ consumption
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from chemical
production and
transport,

manufacturing/assembly
and end of life phase

On a graphical timeline as follows:

TEWI (Total Equivalent Warming Impact) Leakage
Indirect emission Direct emission

|
In operation (Includes servicing) J Not recovered

LCCP (Life Cycle Climate Performance) “Simple comparison for refrigerant”

EM ( FE +RIE e | E : Indirect emission . DE : Direct Emission
Emission
during Leakage

. ] Not recovered
Refrigerant In operation (Includes servicing) . v

™ =1

Manufacturing

Fig. 3.3.: Difference between LCCP and TEWI. [21]
Calculation
LCCP = direct emissions + indirect emissions (3.19)
Direct emissions = GWP .m.L.n+ GWP.m.R (3.20)
Indirect emissions = E ppya- K -1+ COze .my, (3.21)
LCCP =GWP.m.L.n+GWP.m.R+ E ppyar- K.+ C0ze.my, (3.22)
R .. Percentage of loss when reclaim
CO,e [C(Z]kg material] ... CO;equivalent due to components manufacturing
my, ... Mass of materials
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AHRTI model

In October 2011, AHRTI (Air-conditioning, Heating and Refrigeration Technology Institute)
based in the Silver Springs, USA, released a Life Cycle Climate Performance Model for
Residential Heat Pumps Systems. They developed Microsoft Excel based program to simulate
LCCP for residential heat pumps. It includes the direct impact of refrigerant emissions, the
indirect impact of energy consumption used to operate the heat pump system and the energy to
manufacture and safely dispose the system and refrigerant.

With appropriate input, the program can handle different heat pump systems, refrigerants,
locations and CO, emission profiles of power plants. With its modular structure, the program
can be easily modified to evaluate other air conditioning or refrigerant system. Although only
available data are for the USA.

The flowchart of such program is presented as follows:
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Fig 3.4.: Flowchart of AHRTI model program
Manual

There has been also a manual to a program published that is available online. [28]

3.24 ECOP

Ecological Coefficient of Performance is a coefficient used in modelling of thermodynamical
processes:

- lrreversible Brayton cycle
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- lrreversible Carnot cycle

Studies made by Turkish researchers Y. Ust from Yildiz Technical University, B. Sahin from
Yildiz Technical University and A. Kodal from Istanbul Technical University have shown how
to calculate COPs and ECOPs. As these calculations based on model cycles are very complex,
here only basics will be presented.

Definition

ECORP is defined as the ratio of power output to the loss rate of availability

Calculation
ECOP = T;Z.g (3.23)
W ... Power output
Ty ... Temperature of cold thermal reservoir
Sg --- Entropy generation rate
Conclusion

It was suggested by above mentioned researchers, that for a practical design, the environmental
effect related to entropy-generation rate, thermal efficiency and power output should be
considered together. As a consequence, a design based on the maximum of the ECOP objective-
function for a regenerative Brayton heat-engine represents the best compromise between the
thermal efficiency, power output, investment cost and environmental impact. [23,24,25]

3.3 Field tests
SPF

Seasonal Performance Factor is a term used mainly for real installation, compared to the
Coefficient of Performance, COP, or Seasonal Coefficient of Performance, SCOP, which
should be evaluated in controlled lab environment according to European Standards EN 14511
and EN 14825 respectively. How do we estimate SPF depends on a situation under which we
evaluate it. [20]
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Calculation
method
/ - —— \
V 4
I spr !
\
/
— ’
Field ™ « # " Dimensioning
measurement

A

Fig. 3.5.: What is Seasonal Performance Factor. [20]

As mentioned, in order to evaluate the efficiency and performance of real installations, we also
use other coefficients than COP and SCOP. The main difference is that while counting COP,
we count it according to available data in each time and then average it, and on the other hand,
while counting any of the SPFs, we at first make adjustment to data and then count it.

While testing heat pump, there are certain the values we need to know. While doing that, we
measure power input. In following diagram we can find all measured input values. Letter ,,P*
marks the electrical consumer. These include the heat pump (compressor and control unit), the
ventilator as well as the charge pump and the back-up heater (optional).
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Also what can be understood from previous picture is that for one system/installation we can
get different SPFs according to values that we take into consideration. In principle, there can be
different system boundaries for the input as well as the output energy. In order to explain them,
an illustration of a heat pump’s standard hydraulic scheme is used. The red frame marks the

produced thermal energy.
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Then the equations for calculating different SPFs of a heat pump are as following [19]:

SPF O = Qheat,HPTQDHW HP (3.23)
comp+cont
SPF 1= Qheat, HPTQDHW HP (3.24)

Weomp+conttWap|Fan|wp

Qheat,HP+QDHW,HP +Qheat DHW ,back—u,
SPF 2 = ' 2 (3.25)
comp+cont+WBP|Fan|WP+Wback—up

+ + -
SPF 3 — Qheat,HP QDHW,HP QheatlDHW,back up (326)

comp+c0nt+WBP|Fan|WP +Wback—up +WpDpHWS+PBS

SPF ... Seasonal Performance Factor

Qneat.Hp --- Heating energy produced by heat pump

Qprw Hp--- DHW energy produced by heat pump

Qheat|pHW back-up- - Energy produced by electric back-up heater
Weomp-+cont - -- Energy consumed by compressor and control unit
Wap|Faniwp--- Energy consumed by brine pump, fans or well pump
Whack—up - -- Energy consumed by back-up heater

Wepaws+pBs- - - Energy consumed by charge pumps

3.3.1.1 Testing methods and standards (used by SP)

SP

Technical Research Institute of Sweden is a leading international research institute. One of the
major activities is testing and developing methodology of testing heat pumps according to
European Standards and proposing new ones.

P-marking/SPCR130

The P-mark on a heat pump indicates that the heat pump fulfils the requirements set out in
certification rules SPCR 130 . These rules have been developed in conjunction with
manufacturers and relevant authorities, and specify required performance levels such as COP,
documentation and quality assurance in manufacture. Certification of products entitles the
manufacturer to display the P-mark on the certified products. Air-to-air, air-to-water and liquid-
to-water heat pumps can be tested for approval for P-marking. [30]
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SP method 0033 (Calculation of annual energy savings)

SP 0033 is a method used to calculate the seasonal performance factor of a system and the
annual energy savings, in comparison with a house having direct electric heating. The data used
in the calculations are based on results from a number of test points derived from EN
14511:2007 performance testing and some additional test points.

The heating demand as calculated in the program varies in accordance with a duration diagram
for the particular house. Calculation is performed for the house with loss factors of 109 W/K
and 199 W/K at 20 °C indoor temperature, and calculates the estimated net energy savings,
excluding energy for domestic electricity and hot water. The houses are postulated as located in
areas with average annual temperatures of 8.2 °C, 6.1 °C and 1.3 °C, which correspond to
locations in Malmo, Borés and Lulea respectively. The lowest heat pump source temperature in
the calculation is assumed to be -15 °C, and there is no heating demand above an outdoor air
temperature of +17 °C.

Energy Savings Calculation SP Method 0033 is currently used for air-to-air heat pumps, air-to-
water heat pumps and liquid-to-water heat pumps. [30]

EHPA Testing Regulations and EHPA Quality Label

The EHPA Quality Label scheme operates in Sweden, Switzerland, Germany and Austria. SP
performs the necessary tests and inspections for the scheme. Testing includes performance,
security, sound level and electrical characteristics, together with inspection of technical data,
maintenance and installation instructions.

Air-to-water, water-to-water and direct-expansion heat pumps can be tested and inspected for
approval under this scheme.

More information on EHPA Quality label for heat pumps can be found online. [10]

prEN 15879-1

This standard describes the testing procedure for direct-expansion ground-coupled heat pumps.
The heating coil of the heat pump is assembled in a brine bath held at constant temperature
during the test. A complete test includes performance and functional inspections and a review
of technical data, maintenance and installation instructions. A function test includes
measurement of the operating temperature range, correct operation after a power failure, and
correct operation of safety devices in the event of pressure loss in the refrigerant or during
failure of heat transfer medium flow.

Direct-expansion heat pumps may be tested in accordance with this method. [30]

CEN TS 14825
This test method is used to test heating or cooling mode operation under part-load conditions.
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The method specifies the testing procedure, depending on whether the heat pump has constant
capacity, variable capacity or incremental capacity control. This is a technical specification
associated with EN 14511, and is used for testing the same types of heat pumps: air
conditioners, liquid chillers, air-to-air heat pumps, water-to-air heat pumps, and water-to-water
heat pumps. [30]

SP Method 2800

SP Method 2008 specifies the method of performance-testing of electrically driven exhaust air
heat pumps, determining their thermal power capacity, hot water production capacity and
ventilation performance. Air leakage, thermal insulation and standby power requirement are
also tested. The data from the test are used to calculate the system seasonal performance factor.
[30]

EN 255-3:1997 (Domestic hot water)

SP is accredited to perform sanitary water heating tests in accordance with EN 255 31. The test
involves two draw offs of half the volume of the storage tank, together with a single tapping to
determine the maximum quantity of useable hot water and the reference hot water

temperature. The heating-up periods, energy use, standby power losses and COP of the heat
pump are measured and evaluated. The test also includes verification of product marking on the
heat pump.

The method is used only for electrically driven heat pumps. [30]

prEN 16147 (sound test)

This test method specifies a number of draw-offs over a 24-hour period, measuring and
evaluating the heating-up periods, energy use, standby power losses and COP of the heat pump.
The maximum quantity of useable hot water and the reference hot water temperature are
measured during a single draw-off. The method includes testing of safety functions and
inspection of technical data, maintenance and installation instructions.

The method is used only for electrically driven heat pumps. [30]

SS-EN 12102 (sound test)

SP is accredited for performing sound level tests to SS EN 12102. The method is used to
measure the airborne noise to the surroundings from heat pumps, air conditioners, liquid
chillers and dehumidifiers when in operation. The method is used for sound power level
determination. [30]

ISO 3747:2010 (sound test)
This standard specifies a method for determination of sound power level for heat pumps. Sound
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power level measurements are performed at specified positions around the sound source and
around a reference sound source, from which the sound power level can be calculated. [30]

Standards and methods for field measurements

SP-method 1721 (field measurement method)

SP Method 1721 is a method for measurement of the capacity and electricity consumption of
air-to-air heat pumps in the field. It can be used for heat pumps in both heating and cooling
operating modes. [30]

SS 2620

This standard is used when testing the performance of large heat pumps. The standard refers to
field testing of heat pumps in field. It is also applicable for delivery testing of heat pumps at the
factory or equivalent. The standard relates primarily to electrically driven heat pumps, but
where applicable it can also be used for heat pumps with other drive motors and for
refrigeration applications. The standard does not include test on electrical safety, mechanical
safety, control equipment and sound power level. [30]

4 Data evaluation

4.1 Evaluated factors
Evaluated factors

This thesis was written according to needs of heat pumps manufacturer Emerson Climate
Technologies Inc., local branch in Mikulov. Data that are further evaluated were also provided
by the same party.

No. of working hours in each month

- To have an idea about workload during the year, graph with no. of working hours in each
month will be presented.

No. of working hours versus compressor speed

- In this part, graph should be presented that show relation between working hours of a
compressor and number of hours spent in each scale of compressor speed.

- That is particularly important for feedback and evaluation done for the compressor
manufacturer, in meaning of determination operation envelope of a compressor and its
adjustment.

No. of compressor starts in each month
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- In order to evaluate the work load during the year, number of compressor starts in each
month was evaluated.

No. of defrosts in each month

- Defrost of a HP occurs mainly when the heat pump is in a heating mode during cold days,
e.g. when the ambient temperature gets near 0°C or below. The moisture in the outside air
freezes on a heat exchanger. It reduces the air flow that is generated by the fan, reducing
the efficiency of a cycle dramatically. In extreme cases, the frozen moisture can even cause
damage to the outdoor unit.

- Defrost itself means, that the cycle is reversed for a while, so that the outdoor heat
exchanger is used as condenser until the frozen moisture doesn’t fall off.

- How often will a defrost cycle occurs depends mainly on the outdoor temperature and the
air humidity, the amount of heating load the unit is trying to deliver and the condition of
the heat pump system.

Interval of data logging

- As the interval of data logging differ month to month (in some cases even during the
month), for some months we have nearly 8 times more data than to others. The analysis
that was performed took into account these differences, as computing weighted averages of
data.

Available data from each month

- As the system is now running in test mode, it happened that from some days or part of days
we don‘t have data. The amount of data available to evaluation for each month is shown in
graph ,,Available data in each month®.

Measured COP

- As the system itself is computing COP in each data logging interval, there is a weighted
average presented from each month.

Measured SCOP

- The heat pump system is also calculating SCOP. This is the name shown in data logging.
.S means in this case seasonal and is an inaccurate word to use. This calculation of SCOP
is done from system start to till the system crashes (for any reason). In our case that was
quite a frequent case, as in testing mode, the system was recalculating this value every time
it restarted.

Calculated SPF
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- According to data available, the calculation of Seasonal Performance Factor was processed
based on amount of produced heating energy and electrical energy consumed for producing
it.

Comparison of coefficient‘s values

- In the end, comparison of coefficient’s values that were computed or later evaluated is
presented.

4.2 Conditions
4.2.1 The subject of testing

The subject of field test is a newly developed air-to-water heat pump.
Parameters
Type — WPL 25 IK-2 IE
Refrigerant — R410A, 6kg,
Working volume
Air — 2300 m*/h, -20°C/+40°C
Water — 1,1 m*/h, +15°C/+65°C

Claimed performance

Point of | Heat output Power Consumption | Coefficient of
measurement Performance
A7/W35 5,82 1,21 4,81

A2/W35 7,06 1,81 3,90

A-7/W35 12,86 4,13 3,11

4.2.2 Sensors

- The logging itself was operated by Emerson employee and was not in control of author of

this thesis.

In figures 4.2. and 4.3. we can see the heat pump during manufacturing and testing process in
Mikulov branch of Emerson Inc.
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Fig 4.2 and 4.3.: Heat pump during manufacturing and testing process
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4.3 Evaluation

Available data in each month
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Fig. 4.4.: Available data in each month

In most months, we have at least 80% of data available. On the other hand, from e.g. April
2012, we have only 40% of data and from three other months only around 70%.

There cannot be seen any rule or correlation in amount of data from each month.

The fact of this lack of data was explained to the author as that when the system is not running
(it is in ,,off mode*) it doesn’t send data to logging system.

It is questionable if in this case there is any power consumption, as this would certainly lower
Seasonal Coefficient of Performance and Seasonal Performance Factor.

Data that are evaluated were made as a weighted average from each month, as monthly
seasonality was most important for the manufacturer.

Interval of data logging also differed month to month, same as the number of data that heat
pump system was sending to log. As measurement was not operated by the author of this thesis,
and these inconsistences in data logging and amount of data were known, for evaluation,
weighted averages were used.
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Interval of data logging

12

Fig. 4.5.. Interval of data logging

Number of compressor starts of mentioned heat pump system was then evaluated. It was found,
that the greatest stress for compressor is during seasonal switch, during Autumn and Spring.

No. of compressor starts

Fig. 4.6.: Number of compressor starts in each month

During heating period, the system is running in longer intervals, so then number of starts is
lower, but number of working hours of compressor is higher.
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Fig. 4.7.: Number of working hours of compressor in each month

Another important factor is the number of defrosts in each month. This number is connected
with temperature of outdoor air, as the moisture in outdoor air freezes in heat exchanger, it

lowers a lot the exchangers® performance, and thus the unit of heat pump starts the defrost
cycle.

The number of defrost is then highest during heating period, on the other hand, during summer
period, no or very low number of defrosts was observed.
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Fig. 4.8.: Number if system defrosts in each month
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Another very important factor is the graph with compressor speed versus number of working
hours spend in each. Evaluated system was equipped with variable speed engine, and further we
can see how it was running during each month.
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September 12
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March 13
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Fig. 4.9 to Fig 4.21: Compressor speed in each month

It was observed, that system never got into compressor speed higher than 5000RPM and
generally was reaching the values higher than 3000 RPM only during heating period and even
that not very often.

Working hours in each month [h]
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Fig. 4.22.: Number of working hours in each month

In monthly statistics, we can see that 83% of time, compressor was running at 1000-2000 RPM.

Next parameters that were evaluated are performance factors — COP, SCOP and SPF.
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Temperature (South Moravian Region)
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Fig. 4.23.:  Average temperature in South Moravian Region

The data from CHMI (Czech Hydrometeorological Institute) about average temperature in each
month in region where the tested heat pump is located are crucial for critical evaluation of

outcomes that were evaluated.

Measured COP

Fig. 4.24.:

Measured Coefficient of Performance in each month

We can see what was expected, that COP during heating period is lower than the one during
summer period. Also thanks to higher average temperature in March 2012 than the one in
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March 13 we can see that also COP of a heat pump during March 2012 is higher than the one in

March 2013.
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Fig. 4.25.: Measured Seasonal Coefficient of Performance in each month
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Fig. 4.26.:

Difference between measured and calculated Coefficient of Performance in each
month
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In nearly every month, calculated value of COP differed - was lower than the value the system
is logging. This difference is quite hard to explain, because we don’t know exactly how the
system is calculating this value and what is taken into consideration.
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34 -
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Measured COP | Measured average SCOP | Calculated SPF
Comparison of coefficients

Fig. 4.27.: Difference between measured COP, measured average SCOP and calculated SPF
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5 Conclusion

The research of evaluation coefficients showed new possibilities for manufacturers to test their
products on different factors. This work concluded evaluation coefficients used in European
Union and showes other testing methods in terms of testing performance and ecological
characteristics.

The evaluation of given data shows which was expected, the performance of air-to-water heat
pump in central european region is worse during heating period, thus saving less money to the
owner during the period, when the heating demand is highest. Then the results of data
evaluation, presented in graphical form, show the relation between outside temperature and heat
pump performance.

Due to the fact, that the author was not able to manage the measurements himself, some issues
with data composition were limiting for evaluation, for example the changing amount of data
during each month and changing interval of data logging. In such cases, monthly weighted
average was used for calculations, knowing that while evaluating of the outcomes, this should
be also taken into consideration.

In a nutshell, it was found, that the heat pump is reaching the proclaimed value of Coefficient of
Performance and in a yearly conclusion reaching an SPF more than 3,5 which can be
considered as a good result.

There were found small differences between measured and calculated COP during run of a heat
pump and is up to further discussion with the manufacturer how come these differences occured
and what can be done about it.
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Quantity Symbol Unit
Efficiency n }
Temperature T °C
Temperature of cold reservoir T, °C
Temperature of hot reservoir Ty °C
Entropy S J
Heat Q J
Mechanical power provided by the system Wiirbine Jst
per unit of time
Heat energy consumed by the system per unit Qin J.st
of time
Coefficient of Performance cop -
Coefficient of Performance at part load COPp; -
conditions
COP corresponding to the declared capacity COPp -
(DC) of the unit at the same temperature
conditions as for part load conditions A, B, C,
D
Heat produced by a heat pump w
Compressor power input P w
Seasonal Coefficient of Performance scop -
Seasonal Coefficient of Performance in active SCOP,, -
mode
Net Seasonal Coefficient of Performance SCOPpet -
Temperature conditions for each climate T design -
Lowest outdoor temperature point at which Thivalent °C
the heat pump is declared to have a declared
capacity
Heating or cooling load of the building at Pesign w

Tdesign conditions
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Operation limit temperature TOL °C
Bin hours h; h

Heating energy Qn kW
Cooling energy Q. kw
Reference annual heating demand Qn kWh
Number of hours the unit is considered to Hro h
work in thermostat off mode
Number of hours the unit is considered to Hsp h
work in standby mode
Number of hours the unit is considered to Hcg h
work in
Number of hours the unit is considered to Horr h
work in
Electricity consumption during thermostat off Pro kW
mode
Electricity consumption during standby mode Psp kw
Electricity consumption during crank case Pck kw
heater mode
Electricity consumption during off mode Porr kW
Number of equivalent heating hours Hy, h
Number of equivalent cooling hours H, h
Bin temperature T; °C
Bin number j -
Amount of bins n -
Heating demand of the building for the Py (T;) kW
corresponding temperature T;
Cooling demand of the building for the P.(T}) kW
corresponding temperature T;
number of bin hours occurring at the h; h

corresponding
temperature T;

COP values of the unit for the corresponding COPp, (T]) -
temperature T;
Required capacity of an electric back-up elbu(T;) kw

heater for the corresponding temperature T;
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Degradation coefficient C. -
Capacity ratio CR -
Energy efficiency ratio EER -
Energy efficiency ratio at declared capacity EERpc -
Energy efficiency at part load conditions EERp, -
Seasonal Energy Efficiency Ratio SEER -
Active mode seasonal energy efficiency ratio SEER,, -
Required capacity of an electric back-up elbu(Tj) kW
heater for the corresponding temperature T;
Degradation coefficient C. -
Capacity ratio CR -
Energy efficiency ratio EER -
Energy efficiency ratio at declared capacity EERpc -
Energy efficiency at part load conditions
Annual efficiency AE -
Seasonal Performance Factor SPF -
Primary energy factor fo [@ ]
kWh
Global Warming Potential of refrigerant GWP kg CO,e/kg
Total Equivalent Warming Impact TEWI kg CO,
lifetime
CO,e — emission coefficient K COze_
kWh
Refrigerant content of the heat pump m kg
Refrigerant losses of refrigerant per year L kg refrigerant
year
Operation time of the system in years n year
Recovery factor during the disposal of the ARecovery -
system after life time
Annual consumption of electrical energy Epnnual kWh
year
Percentage of loss when reclaim R [%]
Mass of materials my, kg
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Ecological Coefficient of Performance ECOP -
Global Warming Potential of refrigerant GWP kg CO,e/kg
Total Equivalent Warming Impact TEWI kg CO,
lifetime
Power output w W.s™ 1
Entropy generation rate Sy J.s7t
Heating energy produced by heat pump Qneat 1P kw
DHW energy produced by heat pump Qpaw HP kw
Energy produced by electric back-up heater Qneat|pHW back—up kw
Energy consumed by compressor and control Weomp+cont kW
unit
Energy consumed by brine pump, fans or well Whap|Faniwp kw
pump
Energy consumed by charge pumps Whack-up kw
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