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Abstract

Rising energy prices create incentives and intéoegiroperty owners tmfluencetheir

energy costs. In order to minimize costs, there is both an interest to maintain the original
efficiency, but also to determine if the performance can be imprdtvisctherefore of in-
terest to compare internal data with similar applications in order to find more profitable
solutions.

The aim of the project have been to developesthodology foevaluation of short term
measurements for heat pump and air conditioning systems, used for reliable and energy
optimization. This have been done by evaluation of the key performance indicator System
Efficiency Index, SEI, earlier defined in previous woddne by IOR in England and

VDMA in Germany.+®

The key performance indicator System Efficiency Index, SEI, describes the efficiency for
a heat pump or aitonditioning system according to the best possible action for the case.
Values for COP, including used and delivered power for the paad temperatures to
define the theoretical best action according to Carnot COP have to be measured.

Typically, COP is used as a key performance indicator for heat pump and air conditioning
systemsThe purpose oBEIl and COP is different and they sugpknt each other. COP
has a weakness as comparator as it is strongly dependent on operating conditions.

SEI answers the question hefiicient the process is in a measured point. The measured
value can be compared with values for other conditions. IminysSEI is a general indi-

cator. The difference tells about the performance in the measured point according to ideal
performance, other measured points or dimensioning data. It shows the potential for opti-
mization and the quality of COP.

A measurement miebddology to measure SEI for cooling and heating have been devel-
oped with system boundaries at four levels. For liquid/liquid units at system boundary
one, including the refrigerant process, laboratory and field measurements have been eval-
uated. The resuthows that SEl is a useful indicator for analysis of heat pump and air
conditioning systems. A scale for identification of good performance in the system have
been proposed, basedthe measurement results.

Further development of the methodology wilbgide evaluation of morgystem types
and establish the method and the scale.

Key words:Key indicator, System efficiency index, SEI, Field measurement, heat pump,
air-conditioning
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Sammanfattning

Med tkande energiprisefinns ett intresse hos fastighetsagaatt, paverka sina energi-
kostnaderGenom & underhalla och forbattra prestanda pa anlaggnikgeenergikost-
naden minska. Maibehéverdarfér kunngamfora prestanda for varmepumpar och luft-
konditioneringsaggregat med liknande anlaggningar for att hitta forbattringsmajligheter.

Syftet med projektet har varit att utveckla en metodifardering akorttidsméatningr
pa varmepumpar och luftkonditioneringkggningarfor att energioptimera och forlanga
livslangden for anlaggningarna. Detta har gjorts genom att utveckla nyckeltalet System

Effektivitet Index, SEI, som tidigare definierats av IOR i England och VDM#skland.
[4-6]

Nyckeltalet Sgtem Effektivitets Index, SEI, beskrér effektiviteten for en varmepump

eller luftkonditioneringsanlaggning jamfért med basta mojliga prestandiet@ktuella
driftfallet. SEI bestams med matvard&n COP, dar levererad och anvand effekt till pro-
cessen ingr, samt temperaturer for att bestamma basta teoretiska prestanda enligt Carnot
COP.

Ett vanligt forekommande nyckeltal for varmepumpar och luftkonditionering ar COP.
Syftet med SEI och COP éar olika och de kompletterar varar@iragheten med COP
som janforelsetal ar att det ar mycket temperaturberoende.

SEl svarar pa fragan hur effektiv en process ar i en matpguékvardet kan jamforas

med varden for andra temperaturer. Pa detta satt ar SEI ett allmant nyckeltal. SEI beskri-
ver prestanda for en maipkt jAmfort med basta mdjliga prestanda. Matpunkter kan déar-
for jamforas med varandra och med dimensionerande data. Det visar kvaliteten pa COP
och mojligheter till forbattringar.

En metod for att mata SEI for varme och kyla, med fyra olika nivaer pargysteser

har tagits fram i projektet. FOr vatska/vatska aggregat haotdibfaltmatningar utvarde-

rats med systemgrans ett, dar sjalva kylprocessen ingar. Resultatet av utvarderingen visar
att SEI ar ett anvandbart nyckeltal for att analysera varmepuwuopduftkonditionerings-
anlaggningar. Baserat pa méatningarna har en skala for vad som ar bra prestanda forslagits.

Vidare arbete med utvéedng av matningar fler anlaggniaigoch systemtyper skulle be-
fasta metoden och skalan.
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System boundary.4

System boundary;3

System boundary 2

Systembound-
ary 1

Figure 1 System boundaries and nomenclature

Nomenclature
Designationsfor quantities

Goodness numbers and efficiencies

SEI

i,J,(k)

SystemEfficiency Index Indexi indicates the mode of operatiq
(hfor heatinggc for cooling), indexj indicateghe system boundar)
(1-4) on the cold side or the overall system boundiagexk can
be used to indicate a different system boundary owénmside

Coefficient of performancdndexi indicates the mode of opera
tion (h for heating. for cooling)

[-]

COPR.

i,J,(k)

Coefficient of systems performanciedexi indicates the mode ¢
operation [ for heatingc for cooling), indey indicates theystem
boundary (14) on the cold side or the overall system bound
indexk can be used to indicate a different system boundary o
warmside

[-]

Sub efficiencies index (1-6)

SPF_Hn

Seasonal Performance Factor according to system boundaf; |

defined in the SEPEMO project




Temperature pressure and flow

Ty, Temperature on the hot side of a Carnot cycle K],
ty [°C]
T,, Temperature on the cold side of a Carnot cycle K],
t [°C]
T., Condensing temperature K],
t [°C]
[
T., Evaporatingemperature K],
t [°C]
e
Tret.h,j - Reference temperature filie hot side at system boundgriMeas- K],
i ured or calculated value. (Also denoted with TsecW) [°C]
ref,h, j
Tret o Reference temperature fibre cold side at system boundgry K],
¢ " Measured or calculated value. (Also denoted with TsecC) [°C]
ref,c, j
Toin, Temperature ofvarm(h) heat transfer medigsecondary warrth) [K],
¢ o fluid) at the inlet to system boundgry [°C]
h,in, j
Thout) - Temperaturewarm (h) heat transfer medigsecondary warngh) [K],
¢ ’ fluid) at the outlet to system boundgry [°C]
h,out j
T Temperature otold (c) heat transfer mediésecondary coldc) K],
¢ o fluid) at the inlet to system boundgry [°C]
c,in,j
T.ou; Temperature otold (c) heat transfer mediésecondary coldc) [K],
¢ ' fluid) at the outlet to system boundary [°C]
c,outj
p Pressure [Pa]
v volume flow ratefor cold secondary fluidi£c) and for warm sec [m3¥s]
' ondary fluid(i=h)
OmRr Refrigerant mass flow rate [ka/s]
Electric power and work
Pn.c Mechanical poweadded to a Carnot cycle [W]
P, Electric power added to a Carnot cycle. [W]
Peom Shaft power to the compressor. (W]
Pom Electricpower to the compressor motor. [W]
Poah. Auxiliary electric power used for fluid trasport (pump, fan or| [W]
! other electric auxiliary of the warm heat transfer media), in-
cluded in thgj) system boundary ¢4).
Poac.) Auxiliary electric powerused for fluid transport pump, fan or| [W]
' other electric auxiliary) of the cold heat transfer med@), in-
cluded in thgj) system boundary (4).
P.., Power used to produce and distribute supplementary heating [W]
P... Power used to (produce) and distribute supplementary coolin [W]
’ free cooling
We Mechanical work added to a Carnot cycle. [J]




10

We ¢ Electric work added to a Carnot cycle. [J]
Weom Shaft energy to the compressor. [J]
Wem Electric energy to the compressor motor. [J]
W, Auxiliary electric energy used for fluid taport (pump, fan o [J]
! other electric auxiliary) of the warm heat transfer metia in-
cluded in thg]j) system boundary ¢4).
W Auxiliary electric energy used for fluid transporp§mp, fan or| [J]

other electric auxiliary) of the cold heat transfer medje), in-
cluded in th€j) system boundary ¢4).

Heating capacityand energy

P, Heating capacity of the unit, included in the system baonil [W]
Psh Heating capacity of the supplementary heatethe hot side. [W]
R Heating capacitgf the system, included in ti¢ system boundan [W]
' (1-4).
P, c Heating capacity according to the Carnot cycle [W]
Q, Delivered thermal heating energy from tivét, included in systen [J]
boundary 1.
Qsh Delivered thermal heating energy of the supplementary heat [J]
the hot side.
Q.. Delivered thermal heating energy from #hestem, included in th [J]
! (j) system boundary (4).
Cooling capacityand energy
P, Cooling capacity of the unit, included in the system boundary [W]
Psc Cooling capacity of the supplementary cooler ofdbkel side, for [W]
example free cooling.
P.. Net cooling capacityf the cooling system, included in tfE sys- (W]
! tem boundary (4).
P.. Cooling capacity according to the Carnot cycle [W]
Q. Absorbed thermatooling energy to the unit, included in the s [J]
tem boundary 1.
Qsc Absorbed thermal cooling energy of the supplementary cool [J]
the cdd side.
Q. Net absorbed thermal energy to the cooling systecfuded in the [J]
! (j) system boundary (4).
Other
h Isentropic efficiency [-]
Co specific heat capacity [J/kg,K]
r density [kg/m?]

Loss factor for heat from compressor

[-]
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Subscripts
Subscripts
Heating Cooling
h Heatingor hot side c Coolingor cold side
sh Supplementary heater SC Supplementary cooler
1 High temperature (conden- 2 Low temperature
ser) side (evaporator) side
General subscripts
C Carnot
e Electric
a Auxiliary
m Mechanical
ref Reference temperature

Abbreviations, technical

COP Coefficient of performance [-]
SEI System efficiency index [-]
SPF Seasonal Performance Factor [-]

Abbreviations, other

EU European Union
IOR the Institute of refrigeration, UK
VDMA Verband Deutschévlaschinerund Anlagenbad German Engineering

Federation
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1 Introduction

Rising energy prices create incentives and intéoegiroperty owners tofluencetheir
energy costs. In order to minimize costs, there is both an interest to maintain it orig
efficiency, but also to determine if the performance can be imprthisdherefore of in-
terest to compare internal data with similar applications in order to find more profitable
solutions.

Modern measuring and control systems can deliver a hataf at reasonable cost, but the
knowledge of how the measured data is interpreted and transformed into useful and usa-
ble information to refrigeration technicians is poor or in many casegxistent. To

manually evaluate vast amounts of data can betiragyconsuming. A simple tool to

check system performance in field is missing.

With simple ratios/key performance indicators, pleeformancevariation in a systentan
be stuékd over time and changes canidbentifiedto avoid running a bad performisgs-
tem for alongtime. Thereforedramatic economic consequencas also be avoided

This check of performance indicatdssnecessary to maintain the system in the installed
level of efficiercy. Values oftomparablahe key performance indicators framany units
or plantscan be used faomparisons between different s3ms makindbenchmarkg
possible. Benchmarking will givanswes éout the need for and the profitability of in-
vestments, adjustments and regular folapvoperation to improve energyfiefency.

This project aims at defining a kegrformancendicator and developing a measurement
and monitoing method to follow up performance loéat pump and air conditioning sys-
tems.The purpose of the methodtssupport energy optimization these systemin

this work the SEI (System Efficiency Index) is evaluated. Kdyeperformance indicator
SEI can give valuable informatidrom one single instantaneous measurement in field.
The SElbased on instantaneous or continuous field oreagntswill be used primarily
for energy optimization but also for increasiedjability. The project idimited to study
SEI forheat pum@nd air conditioning systems

Previously SEI hasheen used bthe organisationkOR and VDMAI[*® for dimensioning
purpose®f heat pump and agonditioning systemshis project does ot include SEI as

a design tool. Howevecoordination with the design tools is necessary since the two are
integrated and a lack of coordination can result in SEI from design cannot be compared
with field measurements.

Thereportis divided into the fdbwing milestones:

Description of key performance indicat¢rK P Ibd@sed)on existing standards
Definition of SEI, system boundaries and careation of systems

Guidelines for field measuremerdgad monitoring

Case studies with data analysis from esthte and residential heat pumps and air
conditioning systems, where comparison of SEI becomes relevant.

Too T T I
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2 Key performance indicators

At present there is a lack of a concept which can be used to evaluate designs and compare
design data witkefficiency for instdled systems measured temporarily in fidldadition-

ally COPhas been used biithas a weakness as a comparator as it is strongly dependent
on operating conditionand a COPvalue from a short temporarily measurement can only
providelimited information about the system efficiency over time.

2.1 COP

The Coefficient of Rerformance, COP, is used to a large extent when the performance of
heat pumpsnd airconditioning equipmerdre evaluated todait.is given by the ratio of
useful energyutput for heating, #r cooling, R over energy input, & for the process.

The definition ofCOP forheating(h) and cooling(c) respectively

COR Z:)h Eqg.1
COPR = PPC Eq.2
em

COP is useful for cost calculations, when comparing heat pump and air conditioning sys-
tems with other solutions. However COP does not tell you how well the system works
compare to what is theoretically possible under present conditions or compared to other
systems operating under similar conditiohisereforeit is not intuitively understod

from the COP value how far from optimal operation the machine is working under certain
condtions.

Furthermore, COP does not take the entire system or ambient conditions into account. A
COP from measurement compared to the design COP does not relhtd te in fact
possible under present conditions in the system where the equipment is installed.

The theoretically maximum reachable efficiency of the heat pump is that of a reversible
process, the performance of this process is often referred to @artiet COP. In a re-
versible process all work added to the process contributes to the temperature difference
between the cold and the hot side in the cyitiés is shown inFigure2 where he refer-

ence temperature for the cold sidd> and for the hot side;:T Thecalculation of COP
Carnot(C), for heating(h) and cooling(c), can therefore be simplified to:

COPhC = = Eq.3

COR =_°C = Eq. 4
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Pnc
T A
(Kelvin) t
Ty [
- I:>e,m‘C
| PR e —

Pcc S (entropy)

Figure 2 The Carnot process showind 1, Tz, Pc.c, Ph,c and Pem,c.

211 SPF

Seasonal Performance Factor (SPF) is a measure of a heat pumping machine's perfor-
mance ovepne year or over the heating or cooling seasornakeg into accounthe

COP atdifferent operating conditions that occur durthg year. The number is used for
comparison oflifferent heat pumps.

Within the EUproject SEPEM@Build (20092012)(®l, system boundaries for evaluation

of heat pump system performance in field were established. The seasonal performance
factor, SPF was consideréat four system boundaries shownFigure3. The SPF_H1
concerns the heat pump unit itself, and SPF_H2 concerns the system of source equipment
and the heat pump unit. TB®F_H3 concerns also supplementary heat and SPF_H4 in-
cludes equipment on the heat sink side.

SPFs
SPFys
SPFh2 SPE
HL —

h)
heat > I« QH_ ; >
source heat g-

[ um
fan or pump pump 3| Qw_hp
I o
o
AN 2
“—
Back-up ‘ g,‘ QHW_bu
heater k=]
/\ =1
Qo
ESffan/pump EHWﬁhp NEprump NEHWJJU NEB_fan/pump

Figure 3 System boundaries defined in the SEPEM@Build project.
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2.2 SEI

The system efficiency index is the ratiotbé COPvalue and the COP of an ideal, reversi-

ble Carnot proces$COR). The SEmethodologyhas been independently proposed by the
British Institute of Refrigeration (IOR) artde German Engineering FederatdDMA to

provide a measure of energy efficiency for refrigeration systems. The objective for VDMA
was for SEI values to be used by designers and purchasers of systems to compare efficiency
of different system design approaches at the desired operatindi@andor theplant

(VDMA Specification No. 2424,7Part 219). It could also be used to compare theoretical
design efficiency with the practical efficiency of iakéd systems.

The Institute of RefrigerationOR, developed theoncept of SEto obtain a measure of

the efficiency of refrigeration system. The concept was developed with the purpose of im-
proving the efficiency of primary energy use and through #dsice carbon emissions
associated with the use of refrigeration syst€heproject was carried out with support

of the Carbon TrustRef Guy 2007)

TheSEI presented in this woik a further development of theethodologyThe objectives

of the presenwvork with SEI are development of robust boundary definitions and to gener-
ate benchmark SEI values for systeifise value can also be used to compare the theoret-
ical efficiency in design to the actual efficiency of the installed system.

The SEI value caalso be reached as a producsobefficiencies for a systertRomer,
2011, ¥, The sukefficiencies are efficiency measures of different partthefprocess
which allows identification of optimization potential in different parts of the prodess.
this work the sulefficiencies are also further developed, this is describ8i3.1

SElis created by defining thdeal COP of a 100 % efficient refrigeration process between

the desired temperature levels and comparing the actual COP with this value. The ideal or
Carnot COPprovides the ultimate referenamnsistent with the laws of thermodynamics,

for a process of transferring heat energy to a higher temperature level. The design or meas-
ured COP is then divided by the ideal COP and this ratio results in an efficiency that
changes much less than COP witlacges in temperatures and flow rates.
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3 System Efficiency Index (SEI)i definitions and
system boundaries

The SEI is a measure of efficiency. The advan
as COP is that it can providgormation about a system's efficiency basaty on a

short instantaneous measuremerftald, and correlating it to the theoretical potential

performance under the actual operating conditions.

3.1 Basic definition of SEI

SEl is defined as the ratio betgrethe CORvalue calculated from measurements for a
process and the theoretical maximum COP, the Carnot COP;J@&@fhe same process.
The COR is calculated from temperatures that is defined as reference temperatures for
the process. The definition oESis related to a cooling process or a heat pump process
with different formulas.

The system efficiency index for systems supplying heat can be calculated from:
SEl . = COR,

" Teet nj

Tref,h,i - T,

ref,c,i

Eq.5

For systems supplying cooling tfe@lowing formula is used:

SEl = COF, Eq.6
S q.

ref,c,i

Tref,h,i - T,

ref,c,i

Reference temperatures in Kelvin are used for the calculation. Indasetcrefer to
heatingor hot sideand coolingor cold sideespectively. Indekrefers to systerbound-
ary and the reference temperatures that has been defined for that particular boundary.

Hot side refers to the side where heat is rejected from the unit and cold side refers to the
side where heat is absorleyithe unit.

The SEI can be calculatdor both heating and cooling no matter which way the unit is
used since they will evalwuate different parts
formation for a system working with heating and cooling simultaneously.

3.2 Categorization, system boundars and reference
temperatures

There are three things that have to be considered for the SEI to make values comparable:
1. Categorization

2. System boundaries
3. Reference temperatures
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3.2.1 Categorization

The categorization describes thestem typdor which SEI is appliedThe categorization

is important to be able to compare different plants with each other by using the same sys-
tem boundaries.

There are two main categories, heating and cooling processes, where heat pumps are pre-
sent in the first ad air-conditioning in the latter.

The system design being indirect or direct has an impact on the categorization since the
heat exchange is made with different medias direct system the heat exchange is

made directly with the media to be heated or cooled and here this is always considered to
be air. Water or other medias can be considered in other cases than space heating or cool-
ing such as hot water heating odustrial processes. There are systems with a mixture of
direct and indirect circuits for condenser and evaporator. IRithee4 an overview of

possible systems given. The kind of heat source and heat sink; i.e. air or liquid, has to

be described in order to compare values for different systems. The air can for example be
outdoor air or exhaust air.

Evaporator
Liquid heat
exchanger

Partly indirect
system

Condenser

Liquidheat __ _
exchanger Partly indirect Indirect sy-

system stem

Figure 4 An overview of possibleheat exchanger fluidsand heat pump systems

In this report, the focus and evaluation of SEI is on indirect systems withaatadiihg
andsubcoolersand does not include systems with several evaporators with different heat
transfer mediastc. When there is sub coolers,-giboling etc. in the system they have to

be taken in to account in the SEI calculation.
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3.2.2 System boundaries

The SEI has beenwded into four main system boundaries according to how much of

the system that is included in the measurement. The system boundaries presented here are
based on the work in SEPEMRild project (Zlottl, Nordman, 201%!), with some

changes. IfFigure5 andFigure6 the system boundariésr SEI 1 to 4 for amndirect and

adirect system are illustrated.

Figure 5 Indirect system with system boundaries and temperatures

Figure 6 Direct system with system boundaries and reference temperatures
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Thechoiceof the system boundainfluences the SEI value due to which auxiliary drives
included and which reference temperatures used. This will reflect the impact of the differ-
ent devices on the performance of the system. Therefosystem boundary used for
calculation ofSEI shouldbe given.For heat pumps and air conditioning systems four sys-
tem boundaries have been definddhe SE] is theSEI closest to the refrigeration circuit

and includes only the refrigerant process and the load from the compressor. The widest
SEI, SE} refers to system boundari@gcluding all equipmenfrom the heat sink to the

heat delivery.

To calculate the Carnot COP, the reference temperatures have to be defined and meas-
ured. They should represent the cold and the warm level of the process accatfuing to
system boundaries that the evaluation relates to. This means that the reference tempera-
ture will be different depending on the system boundary, the process (heating or cooling)
and the system (direct or-direct).

The SE] is the closest SEI anddludes only the refrigerant process and the load from the
compressoiWhen the system boundary is extended the reference temperatures have to be
moved seeFigure5 andFigure6 wheretemperatures are indicated for the indirect and

direct systems.

Thereference temperatune indirect systemseeFigure5, is defined aghe mean value
of the inrcomingand outgoing temperatucd heat transfer medidhis is applied both for
the hot and the cold siderfexample the reference temperatureh@nhot side for SEJ
used is:

Tret,h,2= (Th,in2+Th,out,2)/2 Eq.7

In direct systems, sdggure®b, the reference teperatureof the heat transfer mediar
heatingrefer toincomingtempeatureto the evaporator and leavitemperature from the
condenseror an air to air heat pump thigeans that the reference temperatures will be
the outdoor temperature on the cold side and the indoor temperature on the warm side.

The reference temperaturaisthe heat transfer mediar cooling is the other way around;
incoming temperature to condsr and ougoing temperature from evaporatbor an
air-conditioning unit this means the indoor temperature as reference temperature on the
warm side the outloor temperature as reference temperature on the coldrsidduct
mounted evaporators or carksers, the reference temperature can be measured in the
duct.

Practical circumstances might complicate measurement of reference temperatures at the
desired position, such as thgn i1 for an airconditioner with system boundary for SEI

The desired ffierence temperature would be measured between the fan and the evapora-
tor. Practical measurement however is possible before the fan, meaning that the same ref-
erence temperature will be used for S&tid for SEL.

Measurements available in the project ilatuded the system boundaries one and two.
Measurements with these boundaries provides information about the efficiency of the
heat pump or air conditioning unit. Therefore, the focus in this report is evaluations of
SEL and partly SEl The reflectioron SEtand SEl are theoretical. For large systems
the measurement and evaluation of :3#ld SEl tend to be complex and hard to put into
practical use. They still can be useful for small systems and air to air units.
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3.2.3 SEI

An evaluation of SEI made with system boundary 1 will provide information about the
efficiency of the refrigeration procesghisis the closessystem boundargndincludes
only the refrigeratiomircuit and the load from the compressor as shown fordirect
system inFigure7. SEL from measurement can be compared to designodatdner units
to investigate if the unit is performing as expected.

The evaluation othe refrigeration process is the most important use of SEl asekey
formance indicator. The evaluation is useful for the process according to delivered tem-
peratures. To evaluate if the delivered temperatures is the right ones for the demand side
of the system, another method should be used.

YOO YOO YOO

Figure 7 The system boundary of SEI1

Here follows an example structure for calculations and monitoring parameters for evalua-
tion of SEL in an indirect system.

The ompressor power, (R) has to be monitoreas well as théaeating or cooling ca-
pacity (P» or P¢) along wth thetemperatureshown inFigure7 for calculation of refer-
ence temperatures

The eference temperatures fiodirect (liquid/liquid) systemare aerage temperatuse
of incoming and leaving heat transfer meagzording to:

+T,

c,outl)

T _ (Tc,in,l

ref,cl — 2 Eq.8

(Tinz + Toows)
Tetna = - ol Eq.9

r 2
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The COP will becalculated according to

P
COR,=—" Eqg. 10
’ I::‘e,m
P
COP, =_¢ Eg. 11
cl P q

em

The SE] is then calculated with the COP and reference temperatures according to:

SEIh,l = T— Eq. 12
ref ,h,1
Tref,h,l - Tref,c,l
SEl_, = COR, Eq. 13
ot Tref,c,l
Tref,h,l - Tref cl

3.2.31 Subi efficiencies of SEI

In order to analyse the performance of a system further and to find reasposrigerfor-
mance, the SEI sufficiencies can be used. Here, #iresubefficiencies shown for SE4
are showing efficiency of components or parts of the refrigeration prodes&H 1 can
be reached as a product of the-gfificiencies By analysing the subfficiencies it is pos-
sible localize where in the procethe performance problem exi&me of the subffi-
ciencies are used in the analysis in chapteétow to determine subfficiencies are de-
scribed futher in Apgendix.

SEL 1 for coolingis built up of the followingsub-efficiencies

— d, Refrigeration gcle efficiency. This sukefficiency takes into accoutdsses in-
herent in theefrigerationcycle itself, and cafor examplebe usedn the design
processo compare effects of different refrigerants tioe effects of theise of an
econaniser.

— d, Compressor efficiency. This swdfficiencyincludes the effect of compressor effi-
ciency. This is different for heating and coolimgeration since the compressor
losses(heat into refrigerant}an be part of the useful heat output during heating.

— ¢, Pressure drop in refrigerant linéhis effect is probably mostgnificant for
largerefrigerationsystems typically with several long pipes.

— ¢, Heat Exchangeefficiency. This effect includes the heat exchangers effectiveness
and isextremely important in evaluatirgy comparing condenser and evaporator
temperature differences

— ¢, Fluid transfer efficiency.

— ¢, Non useful heat loss/gaiithis effect inalil d e s us&fnbheat pick upfor ex-
ample heat pick up by cold suction lines in cooling applications.
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3.24  SEl;

An evaluation of SEI made with system boundary 2 will provide information about the
efficiency of the refrigeration process and taking the efiigjeof circulation pumps into
account, shown for an indirect systenfigure8.

This system boundary includes the refrigeratimouit and the equipment (fans dod
pumps) needed to make source and sink energy available for.ieaiitlates the perfor-
mance of the refrigeration procesih distribution pumps and/or fans for the condenser
and evaporator circuits as illustratedrigure8. If there is only one pump for the whole
distribution in the heat transfer media, S&iould be used.

Figure 8 The system boundary of SE

Here follows an examplgtructure for calculations and monitoring parameters for evalua-
tion of SE} in an indirect system.

The compressor power,{R) has to be monitored as well as the heating or cooling ca-
pacity @n or P¢) along with the temperatures showrfigure8 or calculation of refer-

ence temperatureshe reference temperatures for indirect (liquid/liquid) systems are av-
erage temperatus®f incoming and leaving fae transfer media as described for SEI
Measurementsf pump powePeahand Rac2s also needed.

The COP will be calculated according to:

P P
COR,=-"= h Eq. 14
’ Pe,2 I:)e,m + Peah,z + Pea,c,z
P P
COR,=—+= £ Eq. 15

Pe,2 Pt I:)a,h,z +P,

eac,2
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The SE} is then calculated with the COP and reference temperatures according to:

3 COR,
SElh 5 = Eq. 16
Y Tref,h,2
Tref,h,2 - Tref,c,2
SEl_, = COR. Eq. 17
’ Tref,c,z
Tref|h,2 - Tref,c,2
3.2.5 SEl3

An evaluation of SEI made with system boundawyill provide information about the
efficiency of the refrigeration process and distribution system as well as additional heat-
ing or cooling. This is shown for an indirect systenkigure9.

This system boundary includes the refrigeratimouit, the equipment to make the source
and sink energy available and also aoyer used fosupplementary heating or cooling.
This means that all power for distribution of higahsfer media is included in the SEI

Figure 9 The system boundary of SH

Here follows an example structure for calculations, including monit@angmeters for
evaluation of SElin an indirect system.

The compressor power,{R) has to be monitored as well as the heating or cooling ca-
pacity @n or P¢) along with the temperatures showrFigure9 for calculation of refer-

ence temperatureshe reference temperatures for indirect (liquid/liquid) systems are av-
erage temperatus®f incoming and leaving heat transfer media as described fer SEI
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Measurementsf all pump power B zand Racds also needed. Moreover, the additional
heatingPstor coolingPsc delivered to the systehmas to be monitorediso, theadditional
powerrequired to produce and deliver the heating or cooling to the system.

For example in case of oil burnerfigsupplementary heatirigy, will be the heat capacity
delivered to the system from the oil burner, whereas the power ingtio Fhe oil burner
includes both oil and additional pumps

For cooling, the Ris the coolingcapacity delivered to the systewhereas the power in-
put R < is the power fopumps and fans used to deliver the cooling capacity

The COP will be calculated according to:

P P.+P
COR, == h___sh Eq. 18
Pe,3 I:)e,m + Peah,s + Pea,c,3 + I:)e,sh
P, P.+P
COR,= "= ¢ sc Eq. 19
Pe,3 Pe,m + Pea,h,s + Peac,S + Pe,sc

The SEtis then calculated with the COP and reference temperatures according to:

3 COR,
SEl ;= Eq. 20
Y Tref,h,3
Tref,h,3 - Tref,c,3
SEl,, = CORs Eq. 21
' Tref,c,3
Tref,h,3 - Tref,c,3
3.2.6 SEl,

The total system igvaluated with the system boundary 4 and the 8H#lIprovide infor-
mation about the efficiency of the whole process required to deliver heating or d¢ooling
the end useiThis boundaryis shown for an indirect systeimFigure10.

Thesystem boundary includes the refrigeratiinguit, the equipment to make the source
and sink energy available, the equipment for supplementary heating/cooliaty anxil-
iary drives including the auxiliary of the fa sink and heat source systérhis system
boundary is not practically feasible for many large systems.
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Addition
Cooling,

g

Addition
Heat, P

' 'sh

Figure 10 The system boundary of SEi

Here follows an example structure for calculations, including monitoring parameters for
evaluation of SElin an indirect system.

The compressor power,{R) has to be monitored as well as the heating or cooling ca-
pacity Pr or P¢) along with the temgratures shown iRigure9 arereference tempera-
tures.The referencéemperature in this system boundary are the undisturbed air tempera-
tures on the cold and warm side. For example the outdoor and indoor air temperatures.

Measurements of all power to auxiliary drivesRand Ra4s also needed. Moreover,

the additional heatingskor cooling R: delivered to the system has to benitored. Also,
the additional powel.,sn0r Pe screquired to produce and deliver the supplementary heat-
ing or cooling to the systerBee SEifor examples.

The COP will be calculatedith the @mpressopower, pump power for distribution sys-
temand fanpower for heat exchange to air accordingatiditional heating/coolingc-
cording to

P P, +P
COR, == h__sh Eq. 22
Pe,4 I:)e,m + I:)ea,h,4 + I:)ea,c,4 + Pe,sh
P, P.+P
COR,="%= c sc Eq. 23
e4 I::’e,m + Pea,h,4 + Peac,4 + Pe,cs
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The SEl is then calculated with the COP and reference temperatures according to:

Eq. 24
Tref,h,l

Tref,h,l - T,

ref,c,1

COR,
SEl, =~ Eq. 25

ref,c,1

Tref,h,l - T,

ref,c,1

3.2.7 Discussion ofsystem boundaries

The closest system boundaBEW, is useful for analysisf the refrigerant circuit. It in-
cludes power uselly the compressor and relateddelivered coolingr heatingpower
from the unit. The reference tempienas are for liquid system mean values forttaat
transfermedia. Thé sysem boundary is in practidhe easiesbneto use for liquid sys-
tems. With the internal measurement methscribed in chapter, there will be no

need forextra meters for electrical power, which makes the measurement more easy.

The next system boundary, SEhcludes power for pumps that distribute the heat trans-

fer media on the cold and hot side. This boundary fits when the practical sotuttbe f
sydem is divided in two circuits on the secondary side, so there is one pump for distribu-
tion to the system and another for the circulation through the evaporator or condenser. In
practice there can be a mixture of these boundary which make measuremethard
compare with other systems.

When the distribution to the whodgstem circuits includedin the power system bound-

ary SEk is used. This boundary also includes power for supplementary heating and other
auxiliarybés that can Ineradtice it dambe eothplicatedto he | i qui
make a strict SEImeasurement according to auxiliaries that can be placed far that i

system, even if distrilion pumps easy can be measured in the machine fdmm.

boundaries can also be mixedrExample, in an air calitioning system it can be feasi-

bleto measure all auxiliaries on the hot sideheat rejectionbut on the cal side there

maybe many auxiliarielocatedfar away from the untnaking measurement more com-

plicated

When a measurement is possible for all parts of a system¢c&Ebe defined. In practice

this probably only will be possible for small systems aimdaair units. There can be

many auxiliaryds t o me a dthitheeeferebce temperatweife i s al s
the system deliver t o ma ntlyenhdrd tofincearreberence r ooms i n
tenperature that is usefullso for SEk the measurement can be feasibleone side in

the sywtem, but not for the other one.

To continue with the examelofthe air conditioning unit, it can be easy to measure out-
door temperature as a reference temperature on the warm side and evenl pleateica

for pumps and fans for the heat rejection from the condenser, but on the cold side the sys-
tem can be large and deliver cooling to many rooms with different temperature and auxil-
iaries, as fans can be placed in many rooms and make the measurenpictted A

mix of system boundaries can be used in this caseh&uetommendation is not to use
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measurements for mixed boundaries in other cases than for analyse of a specific system.
In cases that the system boundary is different on the cold andside, the SEI is in-

dexed with two number, where the first number is the system boundary on the cold side.
When a SEmeasurement is presentelik system boundaries must be clearly defined

\Addilional

CoolingP,

Power for
de-frost

Addition
at,P_,

Figure 11 Example of mixture system boundaries. Here Skkcan be measuredSystem
boundary 4 on the cold side and 3 on the hot side.
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4 Measuring methods to determine SEI

The key performance indicaidEl,is based on instantaneous or continuous field meas-
urements and the results can be used for energy optimiztiprevious works by IOR

and VDMA *8l focus for SEI wa®n the construction process where $&kused as in-
dicator for choosing the best components in the systemanfufacturinglata is availa-

ble, the connection between construction and field measurementrgivesknowledge

about the system performance.

According to the theory of chapter 2 and 3, SEI provides a weighted measure of the coef-
ficient of performance of a specific system in relation to its operating conditions. Hence,
to determine SEI we need the C@®Rd a reference thermal operating conditibaspeci-

fied system boundary. To determine COP in practical installations there are two basic
types of standardized measuring methdte internal and external method. These meth-
ods will be further describdd this chapter.

4.1 Conditions for measurements

The SElnotbeingdependent on a specific operating condit®an advantage in field
measurements. However determine SEI from a measuremeng, diperation range for

the systemmust be knowrmand the operating point should both be within this range and
according to the common operation of the URlite operating condition should also be
stable.The operation should be according to the demand in the system to get stable condi-
tions. Defrost opeation should be avoide&or measurements of SEI with wider system
boundaries, the operation and function of the system should be known, as for example op-
eration of supplementary heating or free cooling.

4.2 Methods for measurements

The Carnot CORs calculated from measuremsmdf the reference temperatures on the

cold and hot side according to the system boundaries chosen for the measUremcant
culate the COP, delivered cooling or heating capacity has to be measured and the power
used to prodce the cooling and heating capacity. Used power is measured by an electric
meter to the compressor and to other auxiliaries included in the system boundary.

Heating and cooling capacity can be measured withmethods: the external and internal
methodln the external method the cooling or heating capacity is measured in theasgcond
liquid system with a flow meter and temperature sens$iocan also be done for air to air
systems with temperature sensors and air flow meter, but it is rather coetplida in-
ternal method is based on temperature and pressure measurements in the refrigigtant cir
whichtogether with an estimation of the heat loss from the compressor is usattfda-

tion of theheating and cooling powefFor analyse of the tot&EIl both the external and
the internal method is usefidor amore detailed analysis with swffficiencies decribed

in 3.2.3.1the internal method has to be used.

The external and internal methods have also been known as direct and indirect methods.
Fahlén introduced the classification external and internal as measurements are either con-
ducted outside the refrigeration circuit of the unit (external) or insideethigeration cir-

cuit of the unit (intern&). Irrespective of the chosen method, however, stable operation
under a sufficiently long period and suitable andeasible measuring positions are essen-

tial requirements in order to generate relevant data
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4.2.1 External method
4.2.1.1 Liquid systems

The traditional way of determining heating or cooling capd&itys by measurement of
flow rate and temperature differen€@uantities that may need to be measured are:
1 Temperatures offarm andcold heat transfer mediavéter or bring.
1 Flow rate for warm ah cold heat transfer mediavdter @ brine)
9 Electric powers (compressors, pumps, fans, supplementary heatangjing to sys-
tem boundarydr calculation of COP

Thermodynamic properties for the cold and heat transfer media, as density and specific
heat capacity, must be known or meastoedhe measured temperaturésermal capac-

ity for heating or coolingR) is derived from measured values of volume flow ratg, (
density (), specific heat capacitggf) and the temperature difference between outg) (
and inlet {in) according to:

P=q,O @, at,,-t,) Eq. 26

Electric power Pe,n is directly measueby an electric power meter or indirectly by
means of an energy meter and time, volageentpower factor etc. The coefficient of
performance may then be calculated via the-Wwediwn relation, here shown for cooling:

COR =_° Eq. 27

For liquid systems there are methodologell described in the Swedish standard
SS26269 and the Nordtest standard NTVVS8I729There are many handbod®sthat
describe different methods of measuring flow rate and temperature. Usually measurements
are invasive (i.e. ssors inserted in the fluid system) but thare als;mon-invasive meas-
urement, e.g. by studying the propagation of heat pulses, by use of #&8ensby means

of external ultrasound meterg4,

Figure 12 Measurement points needed for the external method to calculate COQBnd COP,

Invasive meterdaveto be mounted in theibes, which makes the measurencamhpli-
cated for system that is not prepared with equipment at installati
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4.2.1.2  Air systems

There are methods to measure heat and cooling capacity for air heat exchangers, as for
example SP method no. 1which is a method for field testing of electrically driven

air to air heat pumps in heating or cooling mduut the measurements are complicated
Themethohavendt been tulbegpdnciplenandtfdimulas igthe ggme as

for liquid systems, but the variation in temperature and @oer the surfaces bigger for

air heatchanger, which makes the measurement rooneplicated in practice.

4.2.1.3  Prerequisites

The external method presusiihat thermephysical property datg @ndcy) for heat trans-

fer medias for heating and cooling are sufficiently well known. In the case of air and water
this is no problem while cooling agent mixtures/solutions often lack validated datan(Fahlé

[19 has shown that this in many cases may be a larger source of uncertainty than the meas-
urements per se). Density shall be assessed from values of pressure and tenapénature
position of the flow meter while the specific heat capacity is taken for the mean values of
the inlet and outlet temperatures (theoretically this should be the integrated mean value but

Cp varies relatively little within a reasonable temperatuteriral). Another important pre-
requisite is that it must be possible to correctly install sensors at relevant system boundaries.
Please note that flow meters often require long inlet and outlet straights (longer than usually
prescribed by flow meter suppi®. It is also important to choose flow meter acting to

the measurement area to get the right accuracy for the measurement.

4.2.1.4  Uncertainty and practical experience

Experiencd!? from laboratory testing (e.g. by means of audits and Round Robin tests)
show that it is possible to determine heating capacity with an uncertainty that is less than
1-2 %. In field situatios it is rarely possible to achieve uncertainties lower thar%%

In very large systems, however, such as district heating or district cooling installations, it
is possible to achieve stability and accuracy of measurement approaching laboratory levels.

4.2.2 Internal method

The method is based on the possibility to tm@tynamically determine the refrigeration
process by assessing the specific enthalpy changes in various parts of the refrigerant sys-
tem. (Berglof, 2004)7.
Quantites that may need to be measured are:

9 Surface temperatures in the refrigerant system

1 Refrigerant high (condensing) and low (evaporating) pressure

9 Electric powers (compressors, pumpsid, supplementahgeatersaccording to sys-

tem boundary for calculationf COP.

Knowing the temperature, pressure and type of refrigerant at a particaléormait is pos-

sible to gethe value of the specific enthalpy in tables or charts or to calculate the value by
means of known correlation or by means mfgsams In asimple, onestage refrigeration

cycle measurement of the condensing and evaporating pressures, the outlet and suction
temperatures of the compressor and thecadbed liquid temperaturetaf the condenser

will suffice. These measurements, i.e. two poess and three temperatures provide suffi-
cient information in order to visualize the process by meamiots 1, 2 and 7 in the
diagram. Assuming isenthalpic expanspmint 8will also be known.
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A pressure,p

P2

[ SRS

Specific enthalpy,h

Figure 13 The refrigeration process in a diagram of speci€ enthalpy versus pressure.

Figure 14 Measurement points (number 1, 2 and 7 according td-igure 13) for the internal
method (COP)and reference temperatures for SEl.

By means of computerized equipment it is possible to use the measured pressures and tem-
peratures to calculate the specific enthalpies on the saturation curve as well as in the regions
of superheated vapour and stdled liquid. When the process has beapped it is pos-

sible to calculated the heating or cooling coefficient of performance, e.g.

cop ="M
h, - hy

Eqg. 28
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whereh, - h, represents the heat delivered by the refrigerant to the condendey arj

represents the work supplied to the refrigerant by the compressor. Unfortunately, reality is
a little more complex as not all of the compressor work will result in a spetithalpy
increase from point 1 to pointdlie to thermal Isses to the ambience.

In a simple, hermetic compressor, the los8gs. may be expressed as a fractibrof the
motor power input?, ,. This enables a calculation of the refrigerant mass flowggtg
according to

_ |De,m Ql' f) _ I:)e,m Ql_ f)
qm’R B hout_ hin B h2 - hl

[ka/s] Eq.29

Then the heat pump heating coefficient of performa@€2R is given by

I:)h — Omr th - h7) — I:)e,m C"Ql_ f)th - h7)
I:)e,m Pe,m I:)e,m th - h5)

COR = [1 Eq.30

COR = (- 1)Qh, - 1) [1  Eq.31

(hz - hl)

For cooling thecoefficient of performanc€OPR in corresponding wais given by

cop = 4= Hah-h)
(hz' hl)

[(] Eq.32

The method can either be used to directly determine the coefficient of performance, using
a known value of the loss factor, or to study performance changes after calibration by means
of a parallel external measurement or simply to assess relative changes.

4.2.3 Prerequisites

The internal method presumes that it is possible to make a reasonably good power balance
of the compressor. This means that the method is most viable in systems where the com-
pressor motor is primarily cooled by means of the refrigerant fi@wjn systems with

fully or semi hermetic compressors. It will also work reasonably well with open compres-
sors if one knows the ambient losses (electric and mechanical transmission losses). In sit-
uations where the compressor is externally cooled, g.mdans of air, water, oil, liquid
injection etc., it is necessary to determine the cooling capacity with sufficient accuracy.

The calculation of the specific enthalpy change of the refrigerant presumes that all refrig-
erant becomes liquid in the condenaed gas in the evaporator. To ascertain that these
prerequisites are complied with, certain minimum values otcsoling and superheat are
required. As both of these values are measured, a check that the prerequisites are fulfilled
is always availabldt is also possible to obtain complementary information such as isen-
tropic efficiency, Carnot efficiency etc. and to provide warnings when these values become
unreasonable. Also, just as the case will be with any type of method, the internal method
presunes that the unitan operate with stable conditions during a sufficiently long period

of time.
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4.2.4 Uncertainty

The total uncertainty of measur&@OR and COR is composed partly of methodical er-

rors and partly by measuring errors. The methodical eiwotie internal methodom-
prise:

A assumptions regarding certain compressor losses

A uncertainty of tabular data or equations of state regarding thehgsical refriger-
ant properties

A uncertaintyregarding the refrigerant vapour quality (vapour ratio)

A uncertainty regarding the fraction of enthalpy change that is transferred to the heating
agent

Measuring errors comprise the influence of measuring uncertainties for pressure and tem-
perature on caldated values for specific enthalpy and thus the influenc€@®, and

COR according tdEq. 31 the measuring uncertainties consibt

A uncertainty of sensors (calibration), computational algorithms)

A uncertainty due to installation conditions (straight lengths, sensor positioning, insu-
lation etc.).

4.3 Measurement overview

The measurements that are required to be taken on a siezfostage (SEl SEb) are
shown in the table. The parameters needed to calculate SEL@aré& .., and COP.

Table 1 Measurement points

Measurement points for COP, external | Measurement points for COP, internal
method method
Temperatures Temperatures
th,in,l th,in,l
th,oul;l th,oul;l
tc,in,l 1:c,in,l
tc,outl tC,OUtl
Flow t,
qvh t2
qvc t7
Power Power
Pe,m Pe,m
Presure
pl
p2
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Figure 16 Measurement points for the external method

SEI can be measured both with the external and internal méfle@durement points are

illustrated inFigure1l5and Figure16. The external methokquires installed meters in

the pipe system, if natorrinvasive meters are used. There is alseqairement of

straight inlet and outldb get accuracy in the measurement.

The internal method require connection of meter for pressure in the refrigerant circuit.

There are in many case a preparation for the connection in the refrigerant circuit, so the

operation is easy if you hatee right competence to do it, but there will be a small leak-

ing of the refrigerant.

In both method temperature measurements are required for the reference temperatures

and electric power from the compressor and au
ary.

Forbot h methods ités i mportant to use calibrate
proper installation to get a measure with god accuracy.
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5 Error propagation

Uncertainty in SEI measurements depends on uncertainty in used meters, the property in
the instdlation of meters, property in used thermodynamic data and the operation of the
unit that is measured. This means stability in operation.

For analysis of the uncertainty the GUM method has been used. GUM (Guide to the Ex-
pression of Uncertainty in Measurem) is the result of a joint international work with
certification, standardizimin and research organizations.

SEI consists of COP and CORu@ot. For heat pumps with the internal method, it can be
expressed according to the equation:

) 0 o
PR R VA . q
YO0 — Q—"
53 6 ° % Y"Y

Eq.33

In previous works the uncertainty of COP measurements with the internal method has
been worked out. To evaluaecording td?%?2, the uncertainty for a proper installation
with the internal method can be/- 5%.

This analysis will therefore focus on thecertainty in measuremenivhen determining
Carnot COP.

The fdlowing expression will give the deviation in COP carnot for a certain deviation in
the temperatures; Bind To.

T60§ ., 160G .,
Eq.34
Y Y'Y Y Y'Y q

Y6 0

For heat pumps the Carnot COP is calculated from:

ovy — Eq.35
Using the following rules
The product rle: © "Q'Q  "Q'Q "QQ Eq.36
The division rule:0 'qQ —— Eq.37

Using therules above gives the following sensitivity factors:

A0 p Yz p YOy 0%
A4 Y Y Y Y Y Y Y Y Y

%Ko Y

0 Eq.39
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For cooling Carnot COP is calculated from:
ooy —— Eqg.40
Giving the following sensitivity factors:

) R Eq.41

6 h - Eq.42

These factors, Gand G, are used in the calculation of the standard deviation according
to:

uc(y) = CL2U(x1) + C% U3(x2) Eq.43
whereuc(x)is the name of the combined standard uncertainty, and ¢ stands for combined.

For the sensitive factors it is considered that the reference temperatures are measured with
one sensor, not the mean value of two senggrigh is the case in liquid/liquid measure-

ments in this report.

The difference in uncertainty for COP and SEI is the measurement of reference tempera-
tures for Carnot COP. With good sensors and application, the result probably would be at
the same level abe COP measurement. More evaluation is needed for the uncertainty to
use it in practice.

In Table2 some values for uncertainty are presented for sensors usecaGDieck
measurements. The deviation of COP is baséé-th

Table 2 Example of uncertainty for measurement equipment for SEI
Uncertainty for PT1000 0.15+0.002*T]

Deviation from measured COP, internal
method 5%
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6 Casestudies and practical results

Thesystems for analysis have been chosen amwagsurements available from the pro-
ject partnes ClimaCheckand Ambient Control LTDThe measurements chodeve
beenunitsthat are fairly simpléo evaluateAmong the systems there are one ground
source heat pump and one chiller both placed in Sweden. There are also two chillers
placed in UK. Besides field measurement the analysis with SEI is also done with data
from laboratory measurements on ground soureg fnemps.

A unit that is fairly simple to evaluate is a lidiliquid unitwithout extra equipment that

can complicate the analysis. Data for stable conditions have been chosen, and when possi-
ble, for different operating conditionMeasurement data hasthesecases been col-

lected and arlgsed with Clima&Check measurement equipment and program. The equip-
ment is in most cases permargirstalled in systems by trained contractors. Tha da

has beemownloaded from Clim@hecks dataase for analyse.

Theanalysis in these chapters is in most cases based on measurements with the internal
method, described in chap@2.3.1Some of theevaluatediata isfrom shorttime meas-
urements done with Clinaheck porthle. Themeasirementsione in laboratorgare done

with the external method.

6.1 Analysis of heat pump systens

6.1.1 Ground source heatpump, Sweden

The analysi®f a ground source heat putiphas been done with data franeasurement
onunit placed in Swden. The heat pump ised for spachkeatingin abuilding that
holdsboth offices and apartmeniBhe building also has a netmt cooling andhe tore-
hole isused for free cooling during the summer periddring a @rt of the summer when
the boréole is too warm, the heat pumpaiso used for cooling through the evaporator
(notby reverse cycle).The heat transportation is ligl based on both sides of the heat
pump ¢he heat transfer mediaéthanol orthe cold side and water dhewarmsidé.

The SEk (for heating has been calculated for the process during several cy¢igs.
this system boundary the refrigeration circuit is analy$bd.reference temperature on
the cold side is the average temperature of the incominggawiehg heat transfer media
(ethanol) see definitiorfor indirect system# chapter3.2.1 On the warm side the refer-
ence temperature also is the average temperature of the incomilegéngd heat trans-
fer media(water) ThecalculatedSEIl and CORireshown n Figure17 against the tem-
perature difference between the reference temperatures. The figubasedeon cycles
during the heating period. The figure shows that3B& is on a stable level during the
heating mode and the system is also designed phyniiar heating.
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Figure 17: SEln: heating and CORu heating for a ground source heat pump

During space heating operation, the tempeeabn the cold side varies around 0 °C in an
interval from-2 °C up to 5 °C. The reference temperature on the warm side during heat-
ing period varies between 37 °C up to 45 °C. All reference temperatures are the mean
value of the ircoming andeaving temprature of the heat transfer media.

In theFigure17 the difference in variation for SEI and COP is shown. TREeValue is
stable around 0.35 and slightligher atthe higter temperature lifts. This meatit the
heat pump has an even performaimcéhe working area, with slightlyetter performance
for higher temperature lifThe COP is dependent on operating conditions and declines
from ahigher level atlow temperaure lift to alower level athigh temperature liftin
chaptelO the heat pump will be compared with other measuremefitstout more

about the efficieng of this unit

6.1.2 Ground source heat pump lab test

An evaluation of Skl has been done basedlaboratory measurements of ground
sourceheat pumpsThe size of the heat pumps are typically for space heating in single
family houses in Swedeiihe laboratoy measurement is based on EN14511 and done
with the external method.

In the diagram irFigure18, SEk: is calculatedor six test poinfor each one ofhe eight

ground source heat pumps. The measerd is done alifferent test points, where the

heat pump deliver 35, 45 or 86 to the heating systeatcording to EN 14511 he dif-
ference between the test point §léardavdiéh, whi ch m
means floor heating, is the temperaturéedénce and flow athe heat transfer media. In

all cases except the test poibt55, the tempetare from the boreole is 0°C. In the

evaluation the reference temperatures is caledlas mean value dfe incomingand

leavingheat transfer media temperatures. For heating with radiators the flow is lower

than for floor heating. This results in a lower reference temperature for the radiator heat-
ing.

The diagram shows the profile for the heat pumps aowptd performance. All the heat
pumps i n the t es tperfarmiegheqtwparips, évenef theraisa sprepd o d 6
between the best and poorest.
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Figure 18 Test result for eight different heat pumps.

According to the scale that is establishe@ the values oved.35 are good. Most of the

heat pumps above are even excellBased on the different measurement points it can be
noted that some of the units performance varies with the flow, for example unit 3 will
have a lower SEI in the floor heating case with higher flow rate whereas unit 8 works the
other way aroundJnit 5 ha a quite stable Sglin all test poins. The last test poindf

55/5 is typically closer to the edge of the working range for the heat pumps anthéhus
SEl values are fallinfpr most of them

To compare the benefit of SEI according to COP thfébeoheat pumps are put into sep-
arate diagrams to show the differenicel-igure19the COP values for the three heat
pumps is plotted. COP for all heat pumps vawidh the same behavior according to the
temperature lift. In theliagramin Figure20the SE}value for the same measurement as
in diagramin Figure19is presented.
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Figure 20 SEln: for three different ground source heat pumps tested in laboratory

Theindividual ranking between the heat pumps is the saitie SElas for COPwith

number 5 at the highest levblt it iseasier to see that numbeislosing in performance

at high tenperature lifts and thahe performance dieat pummumber 5 and 7 isiore

even in the whole working rang€his information together with information about the

SElcan make it possible to regulate the system in a more optimal way.
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6.2 Analysis of ar conditioning system
6.2.1 Chillers for air conditioning, Sweden

Measurements on a system for air conditioftgve been used for analysis of SEI
The systenis placed in Sweden am®nsists of two units with two circuits in each. The
presented results are from measurements in one circuit in dme wihits, the Skl is
shown inTable3 andFigure21. However, measurements for the other circuit and units
have been evaluated too.

The SEI should by the definition be constant if the unit works properly in all cases. Here,

the SEl is lower when the temperature lift is low, even though the COP showahigh

ues. A deeper analysis of the measured data gives the explanationT ablg@some of

the measured values are presented. When looking at the values durteghjmevature

lifts, see line 1they will show a higheavingtemperaturef the heat transfer medim

the cold sideTe10is The superheat is also found high. A conclusion of these parameters is

that the expansi on val v éheravapaordiirg tempeiaturesd o e s n o6t

The difference between the condensing temperature ameffénence temperature on the
hot side,Trefra , has been calculated and added to the difference betwessidgrence
temperature on the cold sidgerc , and theevaporating temperature. This parameter says
something about the heat exchangers. When the difference is high the SEl is low.

Table 3 Measurement points for one circuit in an AC unit. Point 1 to 4 is half load and point 5 to
11full load

Teiin | Terow | Super- Trefc1 Trefn1 Temp diff in Temp. COP: | SEla

Deg | Deg C | heat Deg C | Deg C | heatexchange| lift, Deg

C Deg C r C

Deg C

1 146 | 11.5 7.7 13.1 29.1 19.3 16.1 4.15 0.23
2 10.2 |75 6.5 8.9 28.9 17.9 20.1 3.79 0.27
3 8.6 5.9 6.2 7.3 27.7 17.4 20.4 3.77 0.27
4 93 |6.6 5.8 8.0 29.4 17.3 21.5 3.67 0.28
5 119 | 6.8 5.2 9.4 32.2 16.7 22.9 3.62 0.29
6 11.1 | 6.3 5.9 8.7 32.9 17.0 24.2 3.50 0.30
7 11.2 | 6.5 6.3 8.9 33.4 16.7 24.6 3.43 0.29
8 11.0 | 6.3 6.2 8.7 33.3 16.7 24.6 3.43 0.30
9 10.9 | 6.3 6.2 8.6 33.3 16.6 24.7 3.43 0.30
10 | 10.7 | 6.0 5.9 8.4 33.3 16.4 25.0 3.40 0.30
11 | 10.7 | 6.0 5.8 8.4 33.6 16.4 25.3 3.38 0.30
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Figure 21: SEL; and COR; for an air conditioning unit, values frolable 3. Please note that the

SEIl values are here multiplied by a fact601

6.2.2 Chillers in England

Two chillers!? placed in UK have been analysed for S8 well. Themeasurement
used were made dwo R134a water cooled chelis. The systermare simiar, but the
units havedifferent capacity. Both of them have been measured at some diffperat-
ing conditions

Table4 contains datérom the chillersmeasired with Clim&heck Here, some of the
subefficiencies of different components are also analysed. Thejearzibed further in
Appendix 1. One of the stdfficiencies— is the compressor efficiencit is calculated
from system pressure and temperature values using theaihteethodThe heat ex-
changer efficiency is the ratidbetween Carnot COP ke oncondensing andvapo-
rating temperatures ar@arnot COP based oaference temperatures on hot and cold
side

AT

t T3
11 Eq. 44

1>

% R

Assuming that a water cooled chiller ultimatedyects heat to ambient air via a cooling
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tower, working with condenser water inlet and outlet temperatures it can be considered as

treating part of the total system. Ultimately, for comparison with air cooled equipment,

the air temperature would become tleference point and SEWwould need to account
for cooling tower and water pump power.

SEJ, cooling
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Table 4 Measured data for two R134a water chillers, reference temperatures based on con-
denser water inlet and outlet

System | Coo |Evap| Cool | Evap ([Warmref{ Cond | Cond | Compr| Heat ex-| COR:1
ling [temp] refe | temp | erence | temp, | temp | effici- | changer| Cool

SEk:
%

Cap | mid- | rence| dif- temp. mid- | diffe- ency |efficiency

adty |point| temp.| fer- °C point | rence % %

kw | °C | °C | ence °C K

K

Chiller1| 180 | 0.3 | 10 9.7 43.4 54.5 111 63.2 59.5 2.42 | 28.5
full load
Chiller1| 115 | 41| 9.8 | 5.7 44.1 52.3 8.2 47.6 69.8 2.13 | 25.9
part load
Chiller2| 375 |-34| 22 | 5.6 40.4 46.2 5.8 66.6 75.5 2.86 | 39.8
full load
Chiller2| 150 | -0.7| 2.2 | 29 44.2 47.6 3.4 59.6 86.1 2.59 | 39.5
part load
Chiller2| 115 | 04| 28 | 24 43.6 46.3 2.7 53.6 88.2 2.49 | 36.9

part load

100
80
60 -
E' Kompressor
' rheat exchanger
40 - —
m SElcl %
20 -
0
Chiller 1 full Chiller 1 Chiller 2 full Chiller 2 Chiller 2
load part load load part load part load

Figure 22 Performance for Chiller 1 and 2

Chiller 2 performs significantly better than chiller 1. Both condenser and evaporator tem-
perature differences are smaller. Also the compressor efficiency is better at full load. This
is reflected in a significantly better SEI (40%) whereas the COP is only 15% better. This
evaluation and comparison of SEI and sub efficiencies can be dongyélititferences

in operating conditions that would by themselves result in significant differences in COP.
This would make it irrelevant to compare the two systems based on COP.

There is a clearly noticeable drop in compressor efficiency when operatiag ktgal. In

the case of Chiller 1 it fallsém 63.2% to 47.6% and the capacd#yartly offset by a re-
duction in condenser and evaporator temperature differences. The net result is a reduction
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of SEI. The increase in COP is misleading because withter Ipeirt load efficiency com-
pressor, the COP should be significartigher. For Chiller 2 the drap compressor effi-
ciency is much less and the reduction in condenser and evaporator temperature differ-
ences is less even with the larger capacity decraesstdhe much better performance at
full load with the result that the change in SEI is small.

Chiller 2 is a much better performing system than Chiller 1 at all the measured condi-
tions, but this is not apparent from the COP value where the differenpegormance is
hidden by the differences in chilled water temperature.

Further analysis with more data, together with quantification of the effects of the heat ex-
changers and other system losses is planned so that benchmark SEls for different system
types can be investigated.

6.3 Analyse of subefficiencies aamples

Here follows a examplewith several sulefficienciesis shown inFigure23. The system
usesR407Cas refigerant andhe following parameterare measured
Evaporating pressure 3.72 bar ( temperature midg®i8t dew point6°C)
Condensing pressure 14.75 bar (temperature midpaidt @8w point 38.4 °C)
Cold heat exchanger media inlet temperature: 0°C

Warm heat exchanger mediatlet temperature85°C

Subcooling 1.3K

SuperheatskK

Cooling capacityl1.6kW (COP 3.3)

Heating capacityl4.9kW (COP 4.25)

Compressor electrical power inpGt5kwW

Thermal efficiency0.95

1.2

l |
0.8 -
0.6 - m Cooling

Heating

0.4 —
0.2 I —

0 n T T T T 1

No Losses Cycle  Compr HX SEI1

Figure 23 System sub efficiencies and Sfclvalue for an R407C Heat Pump

Figure23represents the sub efficiencies (Heat exchangers combined effect, pressure
drops negligible), and the final Sklalues. These are calculated for the same measured
data, i.e. the system is not reversed, just considered in terms of cooling value or heating
value.

In Figure24two liquid/water heat pumps/chillers are compared and it can clearly be seen
the consistency of the Sklaver a significant envelope whereas the COP cannot be used
in any easy to explain way to compare system performanugldight where the short
comings of system is. This example clearly show the generally poor performance of
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Compressor in System | as well as that the evaporator at high temperature leeatold
transfermedia the evaporator is losing performance. Dubhdaharacteristics of the re-
frigeration process the evaporator performance impact will decrease aHeatarans-

fer mediatemperatures on the cold side due to the decreasing capacity of the compressor.

This is all as expected and it hitiphts the red to apply and compare systems in the en-

velope they are intended to be used. SEI offer a new option to highlight how well adopted

a design is to a specific condition and also in the field validating how well it works and
where the losses occur.

COMPARISONBETWEEN A GOOD AND A POOR HEAT PUMP/CHILLER

100
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pump 1 pump 2 pump 2
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(-1.6/42.5°C) (14.3/41.9°C) (7.9/45.2°C)
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(%) = n4co Cond Effic. (%) = ndev Evap Effic. (%)

Figure 24: Example of two brine to water heat pumps/chillers one with relatively high perfor-
mance and one with low performance showing total SEir cool and heat as well as sub effi-
ciencies highlighting the cause of the decreadeerformance.
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6.4 Intervals for SEI and scale from good to poor
performance

Based on evaluated measurements a hypothesis abeunt8Elals from poor to excel-

lent has been proposdd.Table5 measurements presentedhis report is summarized

and given a review. This review is based on experience and knowledge about the meas-
ured units. All measured units are liquid/liquéshdthe application can be heat pump or

air conditioning. It would according to this circumstances be relevant to compare them
with the same scale. More measurements need to be evaluated in combination with sub
efficiency and knowrtircumstanceto give accuragto the scale.

Table 5 Summary of measured SEI1 values in the repoythere all SEI values are multiplied
by a factor 10.

Measurement SElc1 SElm Scale
FromTable4 Chiller | 25-28 Poor

1

Chiller 2 37-40 Good
FromFigure18 Heat >40 Good and Excel-
pumps lent
Figurel7 Heat pump 35 Poori good
Figure21Table 2330 poor
3Chiller

Figure23Heatpump | 40 45 excellent
Figure24good heat 41-43 4849 Excellent
pump

Figure24 poor heat 22-24 28-32 Poor
pump

A summarize of the review ihable5 gives proposal for scale presed in tableTable
6andTable7.

Table 6 Scale hypothesis:for SE1 heating

SEI Limit Grading Action

<.2 Unacceptable Investigate

0.2-0.35 Poor Investigate further with
sub efficiencies

0.35-0.45 Good

>0.%6 Excellent

Table 7 Scale hypothesis:for SE1 cooling

SELimit Grading Action
<.1 Unacceptable Investigate
0.1-0.3 Poor Investigate further with

sub efficiencies

0.304 Good
>04 Excellent
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7 Harmonization i SEI as atool for energy
follow-up

In this project evaluation of measurement data and the work with definitions of the SEI
has showed that the key performance indicator can be asefiulool for evaluation of
different refrigeation and heat pump processes in instantaneously measurarvigmts.
continuous work it can be possilitedevelop the method furthand make it a useful

tool for installers and service companieslifferent countriegor analysisof performance
and investigation of heat pump and-eanditioning systems and compamerformance

with manufacturing datahe SEI presented here could be an ¢asysetool for energy
follow up that can be used refrigeration and heat pump systems.

Since the methodology has beerdsveloped by German and UK partners, there is a

good posibility to make this an industry standard in regular check and fallpwf in-

stalled systems' performandeh e met hodol ogyds KPI i ndex
facility owners in the commissioning of new installatioResults from the project has

been discussed and presented in the participating countries, as well as to the VDMA and
IOR organisations

8 Discussion

The aim of the projeatasto develop a method for measurements and follow up to sup-
port energy optimization of agonditioning and dat pump systemén this work the
performance indicator SEI (System Efficiency Indémgs been evaluated and further de-
veloped.This performance indicator show the energy optimization potential and hence, if
a system has a good or poor performaRcevously, SEI haseen used by IOR and

VDMA for dimensioning purposesf refrigeration system&Vith the developments

achieved through this project, performance evaluation of heat pump and air conditioning
systems is possible with data from field or laborptoeasurements.

Typically, COP is used as a key performance indicator for heat pump and air conditioning
systemsThe purpose oB8El and COP is different and they supplement each other. COP
has a weakness as comparator as it is strongly dependent amgpeoaditions.

COP answers the question about ouch energyis used for production of cooling and
heating in a specific measurement point. The indicator is specific for the measurement
point and it is hard to relate to other circumstances.

SEI answes the question howfficient the process is in the same point. The measured
value can be compared with values for other conditions. In this way SEI is a general indi-
cator. The difference tells about the performance in the measured point according to ideal
performance, other measured points or dimensioning data. It shows the potential for opti-
mization and the quality of COP.

For an ideal cooling process that works well in all operating modes the difference of COP
and SEI can be described like this. Tharelteristic of COP is increasing with decreas-

ing temperature lift. The characteristic of SEl is relatively constant in the operating range,
however an optimum can be found. Near the limit of operating range the SEI typically
drops This means that a vatian in the operation mode is easier to notify with SEI than
with COP. Butstill the COP tells about the energy performance in the specific operating
point.
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To be able to compare evaluated SElues, stable conditions are needed for the system.
This meas that the unit should operate at an even level in balance with the system. In
partload cases this can be hard to find.

Measurements have been evaluated and analyzed in the project and the results shows that
the SEI has the strength to be possible todmparable in a wider range than COP. The
proposed scale i@ is a start to get something to compare measurements with. In the

work with analysis it has been clear that it is important to define system boundaries
properly, especially when wider system boundaries suSfEbBsSEL is used. Systems

has many differersolutions, for delivering of heat and cool, which gives many possibili-

ties for system boundaries. One conclusion is that level one and two is most suitable to
compare between systems and that higher levels, if they are measanabtere useful

for andysis of one system.

9 Conclusion

The aim of the pr@jct hadeen to develop methodology for evaluation of short term
measurements for heat pump and air conditioning systems, used for reliable and energy
optimization. This have been done by evaluatibthe key performance indicator System
Efficiency Index, SEI, earlier defined in previous works done by IOR in England and
VDMA in Germany.

The project group have consisted of partners from Sweédikemnd Germany, connected

to VDMA and IOR. Clima Check ia partner in the project group and have contributed

with measurements for evaluation.

A literature review on key indicators, measurement methods and standards on energy effi-
ciency for heat pumps and air conditioning uhiis been done. The key indicatomost

cases used today is COP. A lack of an indicator useful for short term measurements was
considered.

The key performance indicator System Efficiency Index, SEI, describes the efficiency for
a heat pump or aitonditioning system according to thest possible action for the case.
Values for COP, including used and delivered power for the process, and temperatures to
define the theoretical best action according to Carnot COP have to be measured.

According to existing heat pump and air conditiorsggtems, a categorization has been
done and system boundaries have been developed in four levels. SEI can be calculated
from measurements according to delivered heat ) ®Ecooling (SEJ). In the project

focus have been on simple liquid/liquid systeansording to system boundary one. This
boundary includes the refrigeration process in the unit, with reference level for COP Car-
not in the mean value of temperatures in the heat exchanging medias on the cold and hot
side respectively.

Methods for measument of the SEI have been described in the report. There are two

main methods, the external and internal method. The difference is how the cooling and
heating capacity is measured. The external method uses flow meters and temperature sen-
sors in the heat ekanging media for calculation of the capacity. The internal method is
based on measurements of pressure and temperature in the refrigerant circuit. To get the
SEI, measurements of electric power to the compressor and auxiliaries included in the
system bondary also is needed. Temperatures according to system boundaries have to be
measured for calculation of theoretical best action according to Carnot COP.

Evaluation of laboratory and field measurement data for heat pumps and chillers has
been done. Thevaluation shows that SEI is a useful indicator that contributes with infor-
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mation about the performance of the system. Usinge$fidiencies, that shows the con-
tribution from different parts in the refrigerant process, the evaluation can get even fur-
ther. A scale for identification of good performance in the system have been defined,
based on measurement results.

For a coolingand heat pumproceses that works well in all operating modes the differ-
ence of COP and SEI can be described like this.chieacteristic of COP is increasing

with decreasing temperature lift. The characteristic of SEl is relatively constant in the op-
erating range, however an optimum can be found. Near the limit of operating range the
SEl typically drops. This means that aigdpon in the operation mode is easier to notify
with SEI than with COP. But still the COP tells about the energy performance in the spe-
cific operating point.

The conclusion of the project is that SEI is a good key indicator for heat pump and air

conditioning system that is useful for field measurements. It gives new information about

the performance that pr €OP mausweakmessiascam-or as CO
parator as it is strongly dependent on operating conditions.

COP answers the question abbow much energy is used for production of cooling and
heating in a specific measurement point. The indicator is specific for the measurement
point and it is difficult to relate to other circumstances.

SEI answers the question how efficient the protessthe same point. The measured

value can be compared with values for other conditions. In this way SEI is a general indi-
cator. The difference tells about the performance at the measured point according to ideal
performance, other measured points onafisioning data. It shows the potential for opti-
mization and the quality of COP.

To develop SEI even more will give a power full tool for reliable and energy optimiza-
tion.

10 Further work

According to the result of this project, SEl is a useful indicEiomomentarily measure-

ments on heat pump and air conditioning systems. To get the method even more useful
further work with analysis of more systems has to be done to establish the scale and make
it useful for more system types. In this projectdganple air to air systems hastrimeen
analyzed.

SEI can be a useful indicator both in construction and evaluation. The connection be-
tween these cases can also be developed in further works.

To analyze the same type of unit in laboratory and field measutevoeid give more

accuracy to the method. S@d.2for more comments.
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in Slovakia

Lane, A-L., 2013-10-18, Goteborg, Project poster on Swedish national heat pump
and cooling day (Svenska Kyl- och varmepumpdagen)

Berglof, K., 2013-10-08, Presentation medlemsmote Kyltekniska foreningen i
Skane.

Lane, A-L., 2014-03-31, Boras, Presentation at Annual meeting with Kyltekniska
féreningen Goteborg at SP Energiteknik

Lane, A-L., 2014-04-04, Alvsjo, Presentationer p& Nordbygg for entreprenérer
och bestéllare.

Berglof, K., 2014-04-04, Alvsjo, Presentationer pa Nordbygg fér entreprenorer
och bestéllare.

Hundy, G., 2014-04-29, Business Edge, Hampshire UK, presentation at Business
Edge Open Day

Berglof, K., 2014-05-05, Presentation pa National Renewable Energy Laboratory,
NREL (part of US Department of Energy, DOE, with responsibility for energy opti-
misation).

Wootton, A 2014-05-15, presentation of overview of SEl in Reading UK to two
energy consultancies

Berglof, K., 2014-05-1 5 , Stockhol m, Presentati on
Byggnadero f°r best?2l |l are

Wootton, A 2014-05-23 presentation of overview of SEI in Basingstoke UK to my
main energy customer

Berglof, K., 2014-05-2 7 G°teborg, Presentati on
Byggnader o f°r bestal |l are

Wootton, A 2014-06-04 presentation of SEI fundamentals to two large UK chiller
contractors

Wootton, A 2014-04-11 undertook an assessment of an air cooled water chiller i
data submitted to Guy and Klas i 75 York Street London i Daikin Chiller

p—|
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Planned activities
A popular science article in Kyla is planned during the autumn 2014
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Appendix 1 - Principles of the thermodynamic eval-
uation of sub-efficiencies

This Appendix describes the selficiencies more thoroughly. It is an extract from a doc-
ument, worked out mostly by Klas Bergltf and Guy Hundy.

According to previous chapters the SEI is calculated from instantaneous measured values
in field. The SEI vale gives an indication about the system performance in total. In order
to analyse the performance of a systenthierr and to find reasons for pgoerformance,

the SEI sukefficiencies can be used. Here is shown how3fah be divided into six sub
efficiencies each of them showing efficiency of components or parts of the refrigeration
process. By analysing the safficiencies it is possible localize where in the process the
performance problem exits. To determine-gfficiencies described in this chaptke in-

ternal method has to be used for measurement.

SEL 1 for coolingis built up of the followingsub-efficiencies

— d, Refrigeration gcle efficiency. This sukefficiency takes into accoutdsses in-
herent in theefrigerationcycle itself, and cafor examplebe usedn the design
procesdo compare effects of different refrigerantstte effects of theise of an
econaniser.

— d, Compressor efficiency. This swdfficiencyincludes the effect of compressor effi-
ciency. This is different for heatirand coolingoperation since the compressor
losses(heat into refrigerant}an be part of the useful heat output during heating.

— ¢, Pressure drop in refrigerant linéhis effect is probably mostgnificant for
largerefrigerationsystems typically vth several long pipes.

— ¢, Heat Exchanger efficiencyhis effect includes the heat exchangers effectiveness
and isextremely important in evaluatir@y comparing condenser and evaporator
temperature differences

— ¢, Fluid transfer efficiency.

— ¢, Nonuseful heatloss/gain Thi s ef f eusdafubheat pidk upfoeex- 6 n o n
ample heat pick up by cold suction lines in cooling applications.

Most of these effects are recognised in both the VDMA and the IOR approaches

11.1  Description of subefficiencies

11.1.1 Cycle efficiency-t

In this section the overall scheme for defining each of the sub efficiencies that make up
the total SEI is outlined.

In the basic single stagep@ur compression cycl&jgure 25, the best possible COP that
could be obtained with a perfect compressor would be the ratio of enthalpy differences
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(h1-hg)/(h2e-hy). The enthalpies can be found from a few pressure and temperature meas-

urementsmad reference to refrigerant properties.

because of inherent losses in the cycle. The cycle efficemean be defined by:

ACHT TR 1T HTHG HE T Eo 45
AHT TATEME "HH'H "HR BHEH "HT TTEHD 1 7 q:
t I'T'IZ T g Eq. 46
N

The value of provides information about the inherent loss of efficieof the cycle
with the chosen refrigerant and enables a refrigerant comparison to be made, alt
hough refrigerant properties also influence othersubponent efficiencies. Superheat
andsubcool will also have an impact gn.

[} Actual
Pressure . ﬂ Isentropic
e —L o i 2a i—.’2

Enthalpy

Figure 25 Simple vapour compression cycle

11.1.2 Compressor efficiency-

An actual compressor will have an isentropic efficiency <1, causing the discharge tem-
perature, point 2, to be higher than ideal. The compressor efficiency cacoimpaessor
without heat losses be found from the ratio of enthalpy differencesifii(h.-hi). This

ratio is the compressor isentropic efficierscy,

Ti i i

T T Eq. 47

‘ ACETEHHT HAT T T UHT T
SYOATEE CTCHD TAT T Q CHHL T

11.1.3 Efficiency due to pressure drop-

All systems will have pressure drops but in most cases the pressure dropom st
discharge line are not treated separately and become a part of the losses in the evaporator
respective condenser as these will in reality experience a lower dT than that measured at
the compressor. This does not affect the overall SEI but if tespre drop is significant

it can be treated separately. This does not introduce any challenges beyond knowledge of
the pressures at the condenser inlet and evaporator outlet.

Pressure drop in the sys tyelameeddoaperataine-s t he il

der to provide the required load temperatures. The sub effictgrigexpressed as the
ratio of Carnot COPs, COP for a system with no pressure drop and COP for a system with
pressure drop. In practice pressure drop is only applicable tgemeftion systems with

T
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long suction or discharge lines. In most other cdsésclose to 1 or is a part of the heat
exchanger efficiency.

AH" TAEIE
AHTTAEEH Eq.48
Where Carnot COP is based on midpoint condensing and evaporating temperatures for a
cycle operating at compressor inlet and outlet pressures and Carnot COPdp is based on
actual condensing and evaporating midpoint temperatures

11.1.4 Heat exchanger efficiency

Heat exchanger, (condenser and evaporator) te
which thecycleneedgo operate in order to provide the required load temperatures. If
pressure drop effedts, is not measured separately, de=1, its effect will be accounted
within ds because the temperature differences will increase with the pressure drop.
The total effect of heat transfer temperature differences is defined as:
AHT TAEMEH THIRAT T "FiHT FH AT HICHD L

= COP Ratio = AHTT TAEMEH " THIR | MHAHHT fHY AR Eq. 49

The proportionate effect of condenser and evaporator is of significant interest to highlight
where the losses are andyntee evaluated, and this is dealt witHLih &

11.1.5 Fluid transfer efficiency -

The fluid tr a,nsdhe mtio ofedhpfessoripavarand fotalpowltrmay

be split according to tsae dwAtgementagedfithe ool si des
ancillary power applied to the warm side may enter the secondary fluid stream and make

an additional contribution to the heatiogpacity of a heat pump. In general, for an en-

closed pump where the motor is cooled by the secondary fluid stream this percentage will

approach 100%. A similar situation exists on the cold side.

11.1.6 Non-useful heat pick up or loss

The nonuseful heatp ¢ kK u p i3 the ratio af avapordtor cooling capacity and to-

tal cooling capacity, where the total cooling capacity includes the suction line heat pick
up. This is applicable to cooling applications. For heating application it will be the impact
of nonuseful heat losses relative total heating capacity.

11.2  SElI cooling, the product of the sub efficiencies

The SEI cooling can be derived from the sub efficiencies:

{rE t Ot Ot Ot Eq. 50

SEb takes accourdf auxiliary power as defined B.2.4and the noruseful suction line
heat pick up:

{FE t Ot Ot Ot 2 & Eq.51

The SE (cooling) derived from sub efficiencies includes all losses and is the same as
the SEL from the basic definition ichapter3.









