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ABSTRACT

A vapor compression heat pump absorbs heat fronerlionment at a low temperature level and rejects
heat at a high temperature level. The bigger tfierdnce between the two temperature levels theemor
challenging is it to gain high energy efficiencythva basic cycle layout as found in most small capdeat
pump applications today. Many of the applicableigefants also reach their technical limits regagdow
vapor pressure for very low source temperatureshagiddischarge temperatures for high sink tempeest
These issues are especially manifest for air-watat pumps. Many alternative cycle setups andyesfints
are known to improve the energy efficiency of a oragompression cycle and reduce discharge
temperatures. However not all of them are feasfble small capacity heat pumps from a cost and
complexity point of view. This paper presents aglowmerical approach to evaluate and comparerdiite
cycle layouts and different refrigerants in regafanultiple objectives. The emphasis is on the cioye of
energy efficiency which is defined as seasonal foeht of performance. We discuss reasonable
assumptions to allow a generic cycle comparisorhaut restricting the evaluation to a single set of
components. A special focus is on the heat exchiasiges as a dominant influence on the cycle efficy.
Varying sizes are taken into account using a desfgexperiment factorization to determine a quadrat
regression model for the energy efficiency. In corabon with component cost correlations a consgdi
non-linear optimization problem is formulated amlved. Strengths and weaknesses of the proposed
procedure are discussed in regard of its abilitgdlp in systematically identifying promising comations

of cycle layout and refrigerant.

1. INTRODUCTION

Due to changes in legislation, costs and consumeradds various technologies known to offer a pa@knt
for improving energy efficiency of vapor compressisystems become interesting afso small scale
systems like residential heat pumps. Some exangiesvariable speed compressors, special expansion
solutions, advanced control algorithms, advancedeclayouts and alternative refrigerants. A reviefv
recent trends is given by Chua et al. (2010). Hawewt every possible combination of technologges i
equally adequate or feasible, nor equally costlyequally complex. Any solution must be evaluated
regarding several, often opposing, objectives. lddimaling a ‘good’ design of a vapor compressiostam
states a multi objective optimization problem. Thest’ design does not exist but only solutionsahhare
optimal compromises, graphically represented in Bageto front. Most literature dealing with multi
objective optimization of heat pumps chooses theedhjective functions energy efficiency and costany

of these contributions focus on the optimizationirafividual system components (e.g. Gholap and Khan
(2007) or Schiffmann and Favrat (2010)) or the opation of component selection and control of\eegi
cycle layout (e.g. Sayyaadi et al. (2009) or Sareyg Niroomand (2011)). Evolutionary algorithms are
used in these studies to solve the optimizatiorblpro. This optimization method is applied by Zelmde
(2004) on the cycle layout level. He creates a gersycle model which consists of different modules
representing individual components and refrigerafitee modules can be activated or deactivated by th
optimization algorithm. Thus Zehnder (2004) inclsidarious cycle layouts in this superstructure and
mixed integer optimization problem is formed. Thi®wdel is used to optimize for a single objective
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function, the coefficient of performance. Bertscid &roll (2008) compare different cycle layoutdenms
of energy efficiency. Cost and complexity consitierss are mentioned but not quantified. In contrast
Hwang et al. (2004) compares energy efficiencynglinvestment cost into account by trading off @azed
costs for flammable refrigerant systems with a ceducondenser size for a single cycle layout. Eisalt of
such a trade-off strongly depends on the basetiméhich the comparison is made. Effects of chandieat
exchanger size on energy efficiency will be difféareshether the area of a small baseline heat exghran
increased or the area of a big heat exchanger. &isoptimal ratio between condenser and evapohatair
exchanger size exists, changing the size of onkowitthe other is not beneficial. Hence it is difft to
draw a general conclusion based on the comparisbrnoodifferent condenser sizes alone. The desdribe
interdependence of heat exchanger sizes also shaiva trade-off between system and component costs
not restricted to one component; it could be dolse &or the evaporator or the compressor technology
Which option to choose poses an optimization probleitself.

In the open literature for small scale vapor corspi@ systems a gap exists between the comparative
studies of various cycle layouts and refrigerantamifying a single objective only and the multietive
optimization of singular aspects of the problenilirig this gap is obviously not straightforward enthe
number of possibilities for refrigerant choice, teys layout and component design forms a vast swoluti
space. Zehnder's approach (2004) of using a supetste is explicitly designed to find optimal stduns

on a global level and can be extended to accountnfoltiple objectives. However it has several
disadvantages like high modeling effort, problenmhwumerical stability, high computation time amgen
guestions regarding the effect of uncertaintiesiadeling assumptions.

In this paper an alternative method is presentamiopare different cycle layouts and refrigerantsegard
of two objective functions by combining simulatiafgta regression and optimization tools. The metkod
demonstrated for residential heat pumps with alssegtction of cycle layouts and refrigerants. Girajes
which mainly concern modeling assumptions are dised.

2. METHOD DESCRIPTION AND EXEMPLARY RESULTS

Comparing different cycle layouts and refrigeramigh in a generic and meaningful way is challengirtte
goal should be to compare cycles without actuaéfining the components in much detail because the
answer “cycle A is better than cycle B” should balid/ independent of whether a scroll or piston
compressor is used or an evaporator with two aettube rows is incorporated. Hence the thermodynam
models should aim at reflecting the dominating ptaisbehavior without requiring detailed geometrica
information. For this purpose some components, hathe heat exchangers, can be better defined dy th
size and others like compressor or expansion déycheir technology. Different approaches are used
take this difference into account in the methodweieer there is a limit to the concept of generadind
idealizing assumptions must be made as discusskdv.b®etails regarding the correlations used to
calculate the two objective functions and the treghysical component models and can be found in Made
(2011).

2.1 Objective functions

From the viewpoint of a heat pump manufacturer anjective is to maximize the energy efficiency loé¢ t
system as defined by standards and regulationsitti®rstudy the seasonal coefficient of performance
(SCOP) as defined in the preliminary European standaENi4825 is selected. The operating conditions
(building demand capacity curve, water outlet terapee, water flow rate and air inlet temperatuae)
which measurements of the coefficients of perforteaare to be performed are defined in this standdre
same conditions are used for the energy efficiesityplations. Also the calculation procedure to dethe
SCOP from these measurements respective simulatiotmafsiclosely the standard.

Minimizing costs is the second objective choserspcial focus here is on the heat exchanger cdsthw
directly depend on the heat exchanger size. Lineaelations between heat exchanger weight andacest
derived for different types of heat exchangers dasemarket data. Weight and heat exchange argheme
correlated assuming a fin and tube geometry foettlagorator, brazed plates for the condenser @mioeain
tube geometry for the suction line heat exchanger.all geometries typical values for the heat dfan
coefficients are used to finally reldtkA values with the heat exchange area and henceheatbosts. Costs
of compressor, fan and expansion device are assumdzt dominated by the used technology and
independent of the chosen heat exchanger sizeauBed¢he calculations performed here serve mdualy t
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purpose of demonstrating the method a further sficglion is that costs for the technology domimkte
components also are equal for different refrigeganeglecting sizing effects e.g. due to varyingci
volumes. System costs and costs related to safielygs and uncertainties are also not included & th
objective function derived here. These assumpticans easily be improved and adapted to gain more
realistic cycle costs.

2.2 Assumptions for the thermophysical model

Each cycle model consists of several partial modesesenting the individual components and can be
calculated for different refrigerants. Pressurgydnod heat transfer in pipes and valves connettiegnain
components are neglected. For the expansion arth&pit process is assumed. The coefficient of
performance is calculated as the ratio of capad#iywvered at the condenser to power input at cosgare
and fan. The pumping power of the central heatystesn is neglected.

Optimal control

The control of the heat pump has a strong influercéne energy efficiency that can be reached fgiven
cycle layout and refrigerant, especially for airteraheat pumps where operating conditions varyngtyo

The cycle comparisons will be made for optimal epien of the heat pump. Hence each cycle is modeled
assuming ideal control of capacity, air flow ragebcooling, superheat and, if applicable, idearmediate
pressure level for two stage cycles and ideal plsaparation in separators. With these assumptioas t
simulation results represent the maximally possiystem efficiency that can be gained for the given
component selection.

For an ideal capacity control the heat pump dedivier each operating condition exactly the capacity
demanded by the building. The required adjustmérthe mass flow rate is done by a variable speed
compressor. This implies that no electric backugtdreis required and no on/off cycling is performad
ideal control of the air flow rate requires finditige optimal trade-off between air flow rate and fower
consumption for each operating condition. To made trade-off the system curve of the evaporatostm
be defined. This curve relates air flow rate tosaile pressure drop or directly to fan power corgion. In
general a cubic relation between fan power consiemaind air volume flow rate can be assumed. Alsing
design parameter in this cubic relation accountdén efficiency and system curve of a given evapmr

fan combination (Cai (2007)). In the model thisigegparameter is adjusted such that in a baseése the
fan power consumption accounts for 7% of the tptaver consumption. This fit is based on the findiog
Miara et al. (2011) who show in field tests thatveo consumption of the fans is always below 7%otdit
power consumption. For all simulations this degigmameter is kept constant which implies that fbr a
cycle layouts, refrigerants, operating conditiond &eat exchanger sizes the fan efficiency andystem
curve of the evaporator are constant. Under ttgaraption the air flow rate is optimized for eacleing
condition to gain maximum system efficiency, thedeldhence represent an idealized variable speed fan

The superheat at the evaporator outlet should Hevwass possible but higher than zero to prevequidi
entering the compressor. Hence a constant valueKofs assumed, idealizing an electronic superheat
controller. The subcooling in the condenser isdglly not a control variable. It depends on therghan

the system and the inner volumes of the heat exygranaccumulators, separators and so on. Howsver a
Pottker and Hrnjak (2011) sho®OP variations with subcooling are not negligible. &woid charge
modeling which would require knowledge about theeinvolumes in the system here the subcooling is
introduced as a design parameter. This parameteotikept constant but, following the idea of o@im
control, it is assumed that for each operating twrdit can be adjusted to gain maximum efficiendshile

in practice such a control would be extremely cawrpgb implement, this assumption allows to holdthugp
interpretation of the simulation result as maximpalssible system efficiency for the given component
selection.

Compressor model

The power used by the compressor is calculatedhe@gitoduct of the mass flow rate and the enthalpy
difference at suction and discharge port. The ispit discharge enthalpy is calculated based omsulcgon
enthalpy. The enthalpy at discharge pressure isdldgisted with the isentropic compressor efficyeftis
efficiency is calculated as a function of the suetand discharge pressure as described by Gra2d@b)

for reciprocating compressors. Heat losses aresntegl.
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Heat exchanger models
The heat exchangers are modeled with the lumpemimEer method. For the different zones (liquid, gas
two-phase) averaged values for fluid properties faeat transfer are used. The condenser is modslad a
ideal counterflow heat exchanger while the evaporst described as cross flow heat exchanger. Aatequ
e-NTU correlations are implemented to describe tkeatttransfer in the individual zones of both heat
exchangers. Pressure drop in the heat exchangdreeat transfer due to condensing air humidity len t
evaporator is neglected. Input variables for thedemser model are the capacity, the water flow, the
water outlet temperature and the subcooling. Feretvaporator model the superheat, the air flow aate
the air inlet temperature are given as input pataraeThe overalUA value of the heat exchanger is chosen
as the design parameter for all heat exchangers.

2.3 Quadratic regression model

The size respectivdA value of a heat exchanger not only determinesoi$$ but also strongly influence the
system energy efficiency because it directly affebe pressure difference between high and lowspres
side. Since the increase of cycle efficiency is hear with UA but approaches asymptotically the
thermodynamic maximum efficiency, the choice of tieat exchangeA values at which to compare
different cycle layouts regardin§COP and component cost is crucial. This is not onlyetifor the
condenser and evaporator but also for other inkémaa exchangers used in various cycle layousteau

of comparing cycles only for one given set& values a comparison for a whole range of sizébheheat
exchangers would be desirable. To describe suemg@era multi-dimensional space must be covered with
one dimension for the evaporator size, one forctirelenser size and, if applicable, one for eaclitiadél
heat exchanger in the system. This would howevamdtically increase the simulation effort and
complicate the interpretation of the results.

a b
) )0‘004
Ni\ 1 /UAevaporator
0.002 .
/ T
) -1, |0 1 o 0
8 o= e 4000
2 UAevaporator
wS '/ 2000
§ oée\ 0 s ik
o
15 -1 05 0 05 1 15
node coordinate

nOdeevapnralnr

Figure 1. Simulation nodes for a 3-D quadratic @sgron model (a) and distribution @A aporator(D)

Kleppmann (2003) describes a Central Compositedde@CD) as sketched for three dimensions in Fig.
la) that reduces the number of experiments requoederive a quadratic regression model for a targe
parameter (her8COP) within the design variable space (hé&ra values). This approach can be applied to
gain information about a whole rangeldA values with a reduced simulation effort. Each nmdEig. 1a)
represents &COP simulation for a given set of values of the designablesUA. The center node in this
plan has the coordinate O in all dimensions, wthike nodes of the hyper-cube are located at 1 ofhé.
scale factoio and o of the outer nodes is determined for an orthog@@D by Eq. 1 with the number of
all simulation nodesl and the number of nodes in the hyper-chpe

o= (os{(nn)os - v ) (1)

It is known a priori that effects on efficiency cgg strongly at loJA values but changes are small at high
values, therefore nodes along each dimension atahdited according to Fig. 1b). For the condersset
evaporator the upp&fA value ato is chosen such that a heat exchanger effectiveri€s92 is reached for
the highest temperature difference indoor/outdedmeéd in prEN14825, the lower boundary ats at an
effectiveness of 0.75 at lowest temperature diffeee After simulatingSCOP for all nodes the coefficients
[ of a quadratic model af dimensions as given in Eq. 2 are determined bymgig regression. Tests show
that the deviation between simulation and quadnakclel is smaller than 0.1% for two dimensions and
smaller than 1.5% for three dimensions.
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$OP(UK) = ﬂO + Zn:ﬂlUA + Zn:ﬂi+j+n—1UAUAj (@)
i=1 i,j=1
j=i

Using the same approach additional quadratic mareise derived for variables presenting physiozts
of operation, for example high temperatures or fpoessures.

2.4 Deriving Pareto fronts

Node No. 1 Node No. N

Op. Cond. 1

Optimization
Simulation

> optimal SC, V,,
=) COP

COST (UA)

Ld
L]
°

Op. Cond. M
> =) COP

Quadratic regression

‘Constraints, SCoP ‘Constra\nts, SCop

mmp  Constraints (UA), SCOP(U_A) Lo

scop
=) Pareto front

Figure 2. Routine of simulation, data regressioth @ptimization

Fig. 2 gives a graphical overview of the procediwederive Pareto fronts of optimal component
combinations for each cycle layout and refriger&ot. each node of the CCD plan all operating cooralt
required by prEN14825 are simulated. For each e$e¢hoperating conditions an optimization of aimwflo
rate and subcooling is performe@OP as well as the discharge temperature at compressibet is
determined. Based on these tH8DOP is calculated and the maximum discharge temperattthin a
season is determined for each node. Afterwards fmtiS3COP and the discharge temperature quadratic
models are derived according to Eq. 2.

As a result nowsCOP and the discharge temperature are expressed eonsof thdJA values of the heat
exchangers in the system. Above it is described heat exchanger costs can be correlated witiUihe
values;UA-independent costs for other system componentadded to derive the final cost functions for
each cycle. With these functions several optimzaproblems can be solved to find the Pareto ffont
each cycle and refrigerant as indicated in the tonght corner of Fig. 2. The lower left end of therve
shows the lowest cost a feasible component sefewtmuld cause and the maxim@BOP this selection
would give. To determine this point following optiration problem is solved:

min COST(UA)
Sllbje(’,tr to Jﬂ(liﬁz/z ([TA) S Tnm,r (3)
TA-, <TA<TA,

An analogous optimization problem is solved to fthd upper right end, representing the feasiblatiwl
which gives the maximunSCOP and the minimal costs at which this can be acldevéie points in
between are determined by maximiziB8QOP for several given cost values between the twoeends. The
resulting Pareto front depicts for a given cyclgolat the set of optimal, also called non-dominated,
combination of heat exchanger sizes.

2.5 Results

To demonstrate the method three cycle layouts pitee in Fig. 3 are compared using the simulation,
regression and optimization tools described ab®kie.basic reversed Rankine cycle as in Fig. 3mday’s
most common layout in commercially available restdd heat pumps, called “Basic” in the followinbhe
“SIhx” cycle of Fig 3b) includes a suction line hexchanger, the “Flash” cycle of Fig 3c) is a tstage
cycle; gas from a flash tank on an intermediatsguree level is mixed with gas of the outlet portraf low
stage compressor.
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The assumptions for the control parameters forBhsic and the Slhx cycle are identical and desdribe
above. For the Flash cycle an ideal separatiorasfagd liquid in the flash tank is assumed additignAs
intermediate pressure level the geometric meanvapaation and condensing pressure is chosen since
previous investigations (Mader (2011)) showed thibe the close to the optimal level when subcapig
controlled optimally. For the Basic and Flash cywi® dimensional quadratic models are derived, i th
dimension is added for the Slhx cycle. Simulatiaresperformed for the refrigerants R410A and R290.

Figure 3. Compared cycle layouts: a) Basic — bx Slic) Flash

As described abovBCOP and heat exchanger cost are described as funaifohe UA value. In the cost
function an exemplarily chosen constant value df €0or each compressor and 20 € for each expansion
device in a cycle is included. Since the resultogt correlation can so far mainly be used for destration
purposes but do not reflect real system cost, #reyindicated as cost* in Fig. 4. Additionally anili of
140°C is set for the maximum discharge temperataoeirring during a heating season. Fig. 4 shows the
results for a medium water outlet temperature 8C4&nd a cold climate profile as defined in prENA3L8

800

I
—e— Basic - R410A
700LH —&— Basic - R290
—i—Slhx - R410A
—&—Slhx - R290
—=—Flash - R290

600 H

: | : :
42 44 48 48 5 5.2 54
SCOF’45C

Figure 4. Pareto fronts of optimal solutions fdfetient cycle layouts and refrigerants

With the given assumptions the comparison of R4E0W R290 for the Basic cycle shows a slight
improvement inNSCOP,s. at equal component costs for the natural refrigierat the lower left end of the
two curves it can be seen that the costs for thEOR4system are slightly higher. This results frdme t
constraint on the discharge temperature: The sizesaporator and condenser must be increased above
to avoid too high temperatures. This results irhligcosts. The discharge temperature is also &irigni
factor for the Slhx cycle with R410A both at thevker end and the higher end. For the Slhx cycle REBO

on the other hand the temperature constraint doeplay a role — the full size range, [-0] is theoretically
feasible. However assuming a tube-in-tube geomiteyhigherUA value bound would require a large
suction line heat exchanger which is reflectedhim lhigh component costs and might be infeasible fao
practical point of view. For the Flash cycle onl29 is considered since a decomposition of the uraxt
refrigerant R410A in the flash tank makes this Botuinfeasible. A comparison between the Flashthed
Basic cycle with R290 shows only a small improvetm@stential inSCOP,s. at increased component costs
due to a second compressor and expansion valvethEogiven climate profile the high improvement in
COP of up to 25% at low air temperatures seen in peyvistudies is not reflected in tBEOP,s. because
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operating hours at low temperatures are little.sTficture might change however with higher pressure
differences and hence for tBEOPss..

2.6 Discussion

The proposed approach to evaluate cycle layoutgemiderants in regard of two objectives allowkig
different heat exchanger sizes and operating limttsaccount. The resulting Pareto front of eagtlecand
refrigerant combination also implicitly gives foae&h SCOP or cost level the optimal ratio of heat exchanger
sizes within the system. Hence the amount of aw@lanformation is much increased in contrast to
comparisons of cycles for a single set of heat amghr sizes. At the same time the simulation effokept
low, especially in contrast to evolutionary algonits which are often used to solve multiobjective
optimization problems. An advantage is also thatrtiodynamic simulation and optimization are styictl
separated. This allows changing cost correlationsl @aepeating the computationally inexpensive
optimization with a new objective function for ceswithout having to repeat the time consuming
thermophysical simulations. On the other hand bffie component technologies cannot easily be atedun
for. Investigating e.g. the impact of a differemtngoressor technology requires the recalculatiorthef
Pareto front. Here the evolutionary algorithm hhe tdvantage that it makes no distinction between
continuous and integer parameters; the optimatisolwf cycle layout and component selection isibin

a single step.

Independent of the chosen optimization method iediired to keep the component models as simple an
generic as possible when comparing cycles andysrfints which requires to make several simplifosei
The assumptions made here for comparing air/waet pumps are discussed in the following.

In prEN14825 the building capacity demand curveassumed to be linearly dependent on the outdoor
temperature. It is required to fix a design tempereand capacity determining the size of the ipeatp.
The model as described above allows comparing syae refrigerants for a given building demand eurv
only. For other inclinations of the building demaadrve results might differ. Even if upper and lowe
bounds for thé&JA values are fixed using the same heat exchangerte#ness, the problem is not scalable.
A sensitivity analysis would be required to quantfferences.

The power consumption of the pump is neglected;esimo pressure drop in the condenser is calculated,
corrections are made @BCOP as required in prEN14825. However the water flaterat equal operating
conditions is equal for all cycle layouts, thereforo differences in pumping power exist betweemthé&
possible improvement would hence be to introducerapirical constant for this consumption and inelitd

in the calculation of th€OP of each operating condition. For calculating tlbeer consumption of the fan
for each operating condition an optimization pragedis performed using a cubic correlation between
power and flow rate. An empirical factor is intr@aal in this correlation which is kept constantdtirheat
exchanger sizes. The validity of this assumptiod tre influence of this factor should be inveskghin a
sensitivity study.

Both for compressor and fan an ideal variable spesdrol is assumed. A justification to comparelegc
using variable speed fan and compressor is givahéjact that component manufacturers put higbrei

the development of this technology so that it suased to be state of the art soon. Regarding thacdst
control Képke (2011) shows that a very big partled demand curve can actually be covered by speed
control. Only few operating conditions at the lomdahigh end of the outdoor temperature range requir
either electric heating or on/off cycling. Solehetlatter might influence th8COP for the warm climate
zone with a higher number of operating hours unidisrcondition, hence assuming an ideal controklier
whole operating range seems acceptable. The cosgpresficiency is assumed to vary with pressure
difference which should allow a reasonable comparigetween single stage and two stage cycles. Hawev
no corrections for varying compressor speed areemad

The influence of varying air flow rates on the gite heat transfer as well as other variationsat ktransfer
coefficients due to changing mass flow rates origefants is neglected. The reason is that otherais
detailed definition of the heat exchanger geomeitoyld be required to use correlations for heatdsfen
coefficients. This would be inconsistent with ther@o keep the comparisons as generic as possiele a
sensitivity study should investigate the impactho$ assumption. A possible concept to improventioelel
without detailing heat exchanger geometries mighthle introduction of figures of merit, proposedAaim
(2008). These numbers quantify generically heatsfiex and pressure drop for different refrigerants.
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Several other effects which might influence therapen of heat pumps are neglected so far, namely
maldistribution in heat exchangers and the frostéind defrosting of the evaporator.

3. CONCLUSIONS

A method is proposed to evaluate in an energy ieffay/component cost space the potential of differe
cycle layouts and refrigerants. The method is a&gpto air/water heat pumps and exemplary resuéis ar
presented comparing R410A and R290. The methodipposed to be used as a screening method to
compare competing solutions. As such it fulfillveel main goals: Computation time is reduced sb #h
high number of cycle-refrigerant combinations cam &imulated. Assumptions are made such that
comparisons are as generic as possible withouirreguletailed component information. The separabd
component costs and system effects as well as gaeolibasic correlations for all objectives make th
evaluation process transparent. The approach igaple not only for heat pumps but also for othapor
compression applications.
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