Downloaded from orbit.dtu.dk on: Apr 25, 2024

DTU Library

=
=
—

i

Advanced exergy-based performance enhancement of heat pump space heating
system

Voloshchuk, Volodymyr; Gullo, Paride; Sereda, Volodymyr

Published in:
Energy

Link to article, DOI:
10.1016/j.energy.2020.117953

Publication date:
2020

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Voloshchuk, V., Gullo, P., & Sereda, V. (2020). Advanced exergy-based performance enhancement of heat
pump space heating system. Energy, 205, Article 117953. https://doi.org/10.1016/j.energy.2020.117953

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1016/j.energy.2020.117953
https://orbit.dtu.dk/en/publications/008155aa-3be9-4007-a074-4b9761c5e8bd
https://doi.org/10.1016/j.energy.2020.117953

Journal Pre-proof

ENERSGY

Advanced exergy-based performance enhancement of heat pump space heating
system

Volodymyr Voloshchuk, Paride Gullo, Volodymyr Sereda

PII: S0360-5442(20)31060-4
DOI: https://doi.org/10.1016/j.energy.2020.117953
Reference: EGY 117953

To appearin:  Energy

Received Date: 30 November 2019
Revised Date: 2 April 2020
Accepted Date: 23 May 2020

Please cite this article as: Voloshchuk V, Gullo P, Sereda V, Advanced exergy-based performance
enhancement of heat pump space heating system, Energy (2020), doi: https://doi.org/10.1016/
j-energy.2020.117953.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.energy.2020.117953
https://doi.org/10.1016/j.energy.2020.117953
https://doi.org/10.1016/j.energy.2020.117953

V. Voloshchuk: Conceptualization, Methodology, Software; V.Voloshchuk with
support from Paride Gullo: literature review; V. Voloshchuk with support from
P.Gullo: Visualization, Investigation; V.Voloshchuk with support from P.Gullo and
V.Sereda: Writing-Original draft preparation, Writing- Reviewing and Editing.



Advanced exergy-based performance enhancement of
heat pump space heating system

Volodymyr Voloshchuk?, Paride Gullo®, Volodymyr Sereda®

# National Technical University of Ukraine "Igor 8ilsky Kyiv Polytechnic Institute", Prosp.Peremohy,
37, Kyiv, Ukraine, 03056, VI.Volodya@gmail.com
® Technical University of Denmark (DTU), DepartmefMechanical Engineering, Nils Koppels Allg,
Building 403, 2800 Kgs. Lyngby (Denmark), parigul@xdtu.dk
¢ National Technical University of Ukraine "Igor 8ilsky Kyiv Polytechnic Institute”, Prosp.Peremohy,
37, Kyiv, Ukraine, 03056 volodya.81@ukr.net

Abstract:

Heat pump technologies for space heating can twmérito substantial economic,
environmental and energy saving benefits. Howetlegir performance is generally
evaluated through energy-based methods.

The distinguish feature of the exergy-based appesmds that, unlike to the energy-
based ones, they are more powerful and convenoeig for developing, evaluating,
understanding and improving energy conversion syst&ithout the need of additional
analysis and iterations.

Exergy-based estimation (i.e. exergy, exergeconom@nd exergoenvironmental
analysis) has been applied to an air-source R184h pump unit for space heating,
being this solution widely employed worldwide.

According to the results obtained 63% and 20% ef dkoidable exergy destruction
within the heat pump belongs to inefficiencies witthe evaporator and the condenser
respectively. For the investigated heat pump tlggdst parts of the avoidable cost
associated with investment expenditures and exetggtruction belong to the
compressor (56%) and the evaporator (35%). Focdnepressor this is caused mostly
by capital investment and for the evaporator - tgodty its thermodynamic
inefficiency. About 70% of the total avoidable emvimental impact associated with
construction and exergy destruction belongs toetaporator and can be decreased
mostly by improving thermodynamic efficiency ofgshkitomponent.

For simultaneous improvement of thermodynamic, eotn and environmental
performance of the investigated solution the irreNadlities occurring in the evaporator
and in the condenser has to be decreased. In@uditis found that, to achieve such a
target, reducing the temperature differences throoigth heat exchangers is a more
suitable measure compared to the replacement @xiséng emission heating system.
The derived exergy-based conclusions are confirméd objective functions based on
a set of energy, economic and environmental cait€€ompared with the initial case the
improved solution provides the reduced value ofuahexergy destruction by 31%. The
annual cost of exergy of the product of the imprbsgstem is also decreased by several
percent. The annual environmental impact associatétdthe product of the system is
decreased by 9.5 %.

Keywords:

Advanced exergy analysis; Advanced exergoeconomitalysis; Advanced
exergoenvironmental analysis; Heat pump systemrdugment; Performance

Nomenclature
A heat transfer area @n



environmental impact per unit of exergy ( mPts-KWh
environmental impact associated with exergy (mPts)
cost per unit of exergy (€- kW

cost associated with an exergy stream (€)

exergy (kW) or (kWh)

exergoeconomic factor (%)

exergoenvironmental factor (%)

mass (kg)

total number of time steps within the heating segslay)
pressure (Pa)

heat (kWh)

relative cost difference (%)
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relative environmental impact difference (%)

time step (day)

temperature (K)

power (kwWh)

component-related environmental impact (mPts)
cost associated with capital investment (€)
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Gresk symbols
€ exergetic efficiency (-)
n isentropic efficiency (-)
4 difference
Subscriptsand super scripts
time rate
AV  avoidable
UN  unavoidable

UN, EN unavoidable endogenous
UN, EX unavoidable exogenous
AV, EN avoidable endogenous
AV, EX avoidable exogenous

D exergy destruction

F exergy of fuel

k k-th component

n number of time steps within the heating season
P exergy of product

r r-th component

year annual

tot overall system

Abbreviations
CM  compressor
CD condenser



COP coefficient of performance (-)
HP heat pump

PH peak heater

PEC purchase equipment costs
ES emission system

EV  evaporator

Sl sustainability index

TV  throttling valve

1. Introduction

Although space heating is fundamental to human tifeenvironmental impact is massive. Heat
pump technologies can play crucial role in the feitdecarbonisation of this sector and thus in that
of the global energy system as well. However, itleorto considerably reduce the greenhouse gas
(GHG) emissions related to the heating sectorattagption of highly (thermodynamically) efficient
heat pump units needs to be promoted. Such a tasgebe appropriately achieved through the
implementation of advanced exergy-based tools [1r3fact, unlike the conventional energy- and
exergy-based assessments, the application of thesaodynamic tools can bring to light the actual
thermodynamic, economic and environmental enhancematential of the investigated solution
and the mutual interdependencies among its comp®ri@n3]. Table 1 summarizes the main
findings of advanced exergy-based works relatdted pump and refrigeration equipment.

Table 1. Summary of the outcomes of the main studies mlaieadvanced exergy-based
analyses applied to heat pump and refrigeratiotsuni

I nvestigated energy

Reference Main outcomes
system
The exergy efficiency of the entire system is
Wall heating systems fed 27.4%. The value of the exergoenvironmental
[4] by vertical ground source and exergoeconomic factors of the entire
heat pump system are 33% and 75% respectively
The most important system components are the
[5] Ground-source heat  drying duct and the condenser with respect to
pump drying system reducing the costs
Ground-source The condenser followed by the drying
[6] heap pump drying duct need to be significantly improved
system
G : Most of the exergy destructions in the system
as-engine- . : .
. components are avoidable with the exception
[7] driven heat pump .
drvi of the compressor, evaporator and drying
rying system :
cabinet
Gas-engine- The most important components based on the
[8] driven heat pump  total avoidable costs are drying ducts, the

drying system condenser and the expansion valve




Ground-source The condenser is the most important

[9] heat pump food system component from the efficiency
dryer improvement point of view
Simple air Decreasing the inefficiencies within the
[1, 2] refrigeration expander and the refrigerator is of first
machine priority.
Vapor-

The evaporator should be improved

[3] corr_lpress_ion first and the compressor second.
refrigeration
machines
10 Absorption Absorber and generator should be
[10] refrigeration improved first.
machine
[11] Air-source heat The heat recovery unit provides the
pump food dryer highest avoidable costs.
Vapor- The condenser and the evaporator have
[12] compression the highest potential for reducing
refrigeration inefficiencies, costs and environmental
machines impact.
Wastewater The evaporator and the condenser have
[13] ) . .
source heat pump the hlghgst p'ot'entlgl for reducing
for space heating inefficiencies.

As highlighted in Table 1 and to the best of théharts’ knowledge, conventional and advanced
exergetic, exergoeconomic and exergoenvironmentaluations have been applied mostly to

(industrial) heat pumps and refrigeration machimes/hich only the design operating conditions

have been investigated. A distinguish feature effthat pump systems providing thermal comfort
in buildings is variation of operational modes dioeweather conditions. Temperature of the

environment varies during the season and can lmevbabove or equal to the operating temperature
of the working fluids taking place in energy corsien processes.

The scope of the paper is, for the first time ewersimultaneously improve the thermodynamic,
economic and environmental performance of an aires R134a heat pump system providing
space heating in varying operational modes caugetlttuating in outdoor conditions. This has
been achieved with the aid of advanced exergy-basethods, i.e. advanced exergetic,
exergoeconomic and exergoenvironmental analysis.worth highlighting that air-source R134a
heat pumps are currently the most employed solutborspace heating worldwide. Finally, the
work is organized as follows: Section 2 provides thethodology of applied advanced exergy-
based analyses and general relations used intihgatien, while Section 3 presents the description
of the investigated system. Furthermore, the reslitained are presented and discussed in Section
4, while the conclusions and the needed futureldpugents are summarized in Section 5.

2. Methodology

According to the methodology of advanced exergyetamnalysis the total exergy destruction, the
total investments costs and the component-relatedlammental impact in each system component



can be split into endogenous/exogenous, unavoilaioielable parts and combined ones according
to the two approaches of splitting [1-3, 10].

The thermodynamic-cycle-based approach has bede@ppr the calculations of the split values
of exergy-based parameters (namely, exergy degini¢he investments costs and the component-
related environmental impact) [1-3, 10].

For ideal or theoretical thermodynamic cycle irmsiglities within each component are excluded
or minimized. The assumed operation condition$eftheoretical cycle of the heat pump are given
in Table 2. The throttling process is replaced ydeal expansion process [3].

Cycle with unavoidable exergy destructions,{, ) considers only unavoidable irreversibilities.

The made assumptions for this cycle in the nonmmadle of the heat pump are presented in Table
2.
The avoidable exergy destruction is calculated as

Eye=Ey ~Ey, (1)
and should be considered during the improvemerdeghare.
For calculating the endogenous part of the exeggjrdction @“;”f{) within each component of the

heat pump the hybrid cycles with only one irred@liescomponent is analysed.
The exogenous exergy destruction is obtained as

Eyy=E,, ~EJ, 2)
In case of calculation of the additional componesftexergy destruction, only the value of the
unavoidable endogenous exergy destructioﬂgka(f”) needs to be obtained using the
thermodynamic-cycle-based approach.

The remaining parts of the exergy destruction laea talculated as follows

~UN,EX _ [=UN _ [=UN,EN
ED,k _En,k ED,k ! (3)
“AV,EN _ [2EN _ [>UN,EN
ED,k _ED,k ED,k ! (4)
AV ,EX _ AV _ [2AV,EN
ED,I( _ED,k ED,I( : (5)

The same thermodynamic-cycle-based approach hasused for the evaluation of the components
of the investments costsZ(", Z*, Z", z, Zz;"™, ZN", ZW", Z7") and the
component-related environmental impagf'( Y™, ¥, Y, Y205 YUy ANy A,
The values of the unavoidable investment cost Aaedcomponent-related environmental impact (
Z", ¥ are determined assuming an extremely inefficiension of the considered component.

These values will always be exceeded as long amikiscomponent is used in a real system [1, 2,
11]. The unavoidable conditions for the investmardt and the component-related environmental

impact are listed in Table 2. Endogenous (capitakestment costZ',f’v and construction-of-

component-related environmental impali;f”) are the parts of variables within a component

obtained when all other components operate ideaity the component being considered operates
with the same efficiency as in the real systen2[11, 12].



Table 2. Values of parameters assumed used fadh@nced exergetic analysis [1, 2]

Component Parameter, Real | Theoretical| Unavoidable | Unavoidable| Unavoidable
unit process| process | thermodynamic investment | environmental
inefficiency cost impact
CM [-] 0.7 1 0.88 0.49 0.49
”CM
CD T, [K] 5 0 1 10 10
EV MIN [K] 12 0 3 17 17

To better understand the interactions among comysnthe exogenous exergy destruction within
the k-th component should also be split.

For obtaining a deeper understanding of the intiena& among components, the exogenous exergy
destruction (as well as the exogenous unavoidatidete exogenous avoidable exergy destruction)
within the k-th component is split [1, 2, 12]

n-1
E] = Z EJ+ENT, (6)
where E;”;(r represents part of the exogenous exergy destruaitithin the k-th component that is
caused by the irreversibilities occurring withir thth component;
£ —the remaining part is called mexogenous exeegyrdction (from mixed exogenous exergy
destruction) within the k-th component and is cdusgthe combined interactions of three or more
components.

To identify the importance of the components frdma thermodynamic viewpoint and priorities for
improving the components the investigator shouklthe sum of the avoidable endogenous exergy

destruction within the k-th componeﬁtgi'f” and of the avoidable exogenous exergy destructions

within the remaining components caused by thedsethponentZEAV AR, 2, 12]
n-1
B =B S e @

where £, #*“ represents the part of the exogenous exergy déisinuwithin the remaining r-th

component that is caused by the irreversibilitiesuoring within the k-th component.
Similarly, the cost rates and environmental impatgs caused by the irreversibilities within thie kt
component can be estimated as [1, 2, 12]

SAV Y 'AV,EN AV, EXk
CD,k ~Crk ‘I'D,k Z E (8)

r#k

SAV,E _ SAV EN AV, EXk
BD,k _bF,k BD,I( Z E' (9)
r#k

wherec, ., ¢, ., b, ,, b, represent the cost and environmental impacts pierofi exergy for

fuel of the k-th and r-th component, respectively.
The sum of the avoidable capital investments amstcoction-of-component-related impact caused
by the irreversibilities within the kth can be defd as [1, 2, 12]

n-1
Z;(‘IV,Z :Z;V’EN +ZZ;4V’EX’I( ’ (10)

rzk



n-1
)/kAV,Ev :)/kAV,EN +Z)/rAV,EX,k , (11)
where and represents the part of the exogenous investmadt€@nstruction-of-
component-related impact within the r-th componeumt caused by the irreversibilities occurring
within the k-th component.

Taking into account the potentials for improvingg thystem, the overall importance of the k-th

component from the viewpoints of cost and environtalke impact can be presented with the
variables:Z/"* +C,"* and¥/"* +B;"* [1, 2, 12].

In case of applying exergy-based approach to thérigeand cooling systems in buildings,
one of the challenging issue is the definition aakéction of the reference environment [14]. Iis thi
research selection of an appropriate reference staresponds to the selection of an appropriate
reference temperature. Pressure and humidity e @édwrameters of the reference environment
have not been taken into account as having nedgegitect in the climate conditions specified in
the study. The reference temperature exactly falawe fluctuations of ambient (outdoor)
conditions [15]. So, exergy always cancels outli@rambient air temperature.

For the sensitivity analysis the following cost ajons were used for estimating the purchase
equipment costs as functions of the thermodynamuiarpeters of the heat pump components [1, 2]

7 AV EX k 7 AV EX  k
. Y

PEC,, :‘%ﬁﬂ(ﬂ] 11{&] - for compressor (12)
My = Mew \ Py P,
PEC =k, ( ACD)a6 - for condenser (13)
0.6
PEC,, =k, ( AEV) - for evaporator (14)

where k£, , k., k,, are constantsm, is mass flow rate of the working fluid through the

compressor;p, / p, - pressure ratio in the compressgy; and.’ are isentropic efficiencies of

the compressor in real cycle and unavoidable cmmdif respectively;4,, and 4,, are the heat

transfer areas of the condenser and evaporatoulatdd for the design mode, respectively. All
these values are estimated for the design operadingitions (nominal mode) of the system.

A life cycle assessment (LCA) is applied for thdireation of the relative importance of each
component with respect to environmental impact ooguduring construction (manufacturing,
transport and installation), operation and maimtera and disposal. An impact assessment is
performed using an environmental indicator — the-Bdicator 99, which is based on the definition
of three damage categories: human health, ecosygiahty and natural resources [12, 16, 17]. The
result is expressed as Eco-indicator points.

For exergetic, exergoeconomic and exergoenvironmhergsesment of the heat pump providing
space heating it is proposed to consider annuas¢s®l) values of parameters [13, 18].

For different operational modes ambient temperatae be referred in a different manner to
temperatures of working fluids of the heat pumpe Téference temperature can be above, below or
cross the temperatures of the heat source medigmhanrefrigerant. In such conditions different
formulas should be used for calculating exergy @ased with the fuel and product in the
components of the system and associated costs mperol exergy of the fuel and product
respectively. Taking into account this featurds piroposed to apply the exergoeconomic model for
the every 24-hour time step of the assumed queadyt state approximation. In calculation of
annualized exergoeconomic parameters the averagdetd heating season values of cost per unit
of exergy associated with the fuel and productlierkth component have been estimated using the
formulas [18]



= : 150
55, (x)
N
> i () Es (7))
C;:,elir =l T ’ (16)

where EM(TH) and CF,k(Tn) are the exergy of fuel and the cost per unit @rgy associated with

the fuel of the kth component for the specifiedetistepz  ; EP,k(Tn) and CP,k(Tn) are the exergy

of product and the cost per unit of exergy assediatith the product of the kth component for the
specified time steg; N - the total number of time steps within the hepgeason.

The same approach is applied in the exergoenviratahmodel.

The following objective functions based on a setenérgy, economic and environmental
criteria has been used for the simultaneous asse$swf thermodynamic, economic and
environmental performance of the investigated pbeatp system:

- the annual value of exergy efficiency

year

year — P tot .
ot Erear ! (17)
F tot

- the annual value of coefficient of performanceh& heat pump

year

coprer =, (18)

Wf;/;‘al‘
- the annual value of sustainability index [19]

5]::;” =%, (19)
1- Elor

where £,°" and £, are the annual values of exergy of the systemyatoahd fuel, respectively;

year

oo and W are the annual values of heat generated in theéerser and electricity consumed
in the heat pump, respectively.

3. System description

The analysis is performed for a typical Ukrainiavube. The dwelling has two floors with a gross
floor area of 170 m2 and a volume of 470 m3. Théghted average insulation U-value of non-
glazed external surfaces is 0.5m-K™. U-value of windows including frames is 1.67-*-K™.
Internal heat gains are defined with a constantevaf 5 Wm™. Setpoint for the indoor temperature
is 18°C. The fraction of east and west oriented glazingQ%, of the south one — 50%, of the north
one — 20%. Natural ventilation is used in the dingll The design heating capacity of the house is
25 kW. Hydronic system is used for space heatiig. feat pump is a basic heater covering 12 kW
of heating demand in the design mode and usesdewasi as a low temperature heat source. R134a
is chosen as a working fluid in the heat pump.

In the design operating conditions (nominal modee heat pump the following parameter values
are set: the low temperature heat source mediuigaiooled in the evaporator from -30 to -15



°C. The temperature the heat source in off-desigdemvaried in a range from ¥ to -16C.

The supply and return temperatures in a constant-$pace heating system for the design mode are
equal to 70C and 50°C rspectively.

In order to determine thermodynamic parametershefwapor compresion heat pump cycle in
different operating modes (off-design modes) dumdnbeating season, which is typical for such
kind of solutions, the mathematical model proposefR0] is used. The model is based on quasi-
steady state approach. A set of nonlinear equatiomslving heat, mass balances, heat transfer and
equations for calculation of thermodynamic progsrtof working fluids, have been utilized. The
equations, solved simultaneously with a gradienmnernical method, have been established to
describe the behaviour of each component and ofystem as a whole. CoolProp software [21]
providing functions for calculations of thermodyrniamproperties and inserted in MathCad math
environment [21] is used in the calculations. Daikyather data within a heating season for the city
of Rivne located in the western part of Ukraine avased for the analyses. So, 24-hour time step
was assumed for quasi-steady state modelling. Téwth&r data were provided by the Ukrainian
Hydrometeorological Institute [22]. The total valoieheating degree days was 350@f4y.

4. Results and discussion

Fig. 1 illustrates values of annual exergy destonst £, in the investigated heat pump, peak

heater and emission space heating system. It cabhderved that the highest exergy destruction is
found for the heat pump and equal to 5254 kWh &eddwest — for the peak heater and equal to
390 kWh. The annual exergy destruction in the eonssystem is 1514 kWh which is by 72%
lower compared to the heat pump.

The results of the conventional exergy analysi®e (B&. 1) suggest that the biggest exergy
destructions (1752 kWh and 1632 kWh, respectivesipng to the compressor and the throttling
valve. The evaporator and condenser are of theé &md the forth order of importance with seasonal
exergy destructions of 1144 kWh and 726 kWh respelgt These results are misleading to some
extent. For example, the conventional exergetidyaisaidentifies the compressor as the most
important component from the thermodynamic viewpaolius, improvement efforts should focus
on this component. However, a more detailed aralghbws that exergy destruction within the
compressor depends on pressure ratio in it andearduced by decreasing irreversibilities taking
place in the evaporator and the condenser duartpeiature differences. The same conclusion can
be obtained concerning the throttling valve. Morsowthe throttling process is completely
irreversible and there are no ways of improvings tiprocess with the help of decreasing
irreversibilities in it.

The main results for the base case of the invastigaystem obtained through the conventional
exergoeconomic and exergoenvironmental analysgzresented in Tables 3 and 4, respectively.

The presented results demonstrate that from thegyegeonomic point of view the heat pump is the
most important component of the space heating sy&tecause of the highest value of the sum

Z +C)%,, which is equal to 2072 €-yéarThe sumZz;e" +¢e for the emission system is by

D,HP’ D,ES

57% lower compared to the heat pump. The total sUfff +C)°” of the system is 2623 €-y&ar

D,tot
The high value of the exergoeconomic factor for dhrerall system (91%) suggests that its cost
effectiveness can be improved by reducing the imvest cost of the system.



PH; 390
CM; 1752

CD; 726

ES; 1514

TV; 1632

EV, 1144

Figure 1. Annual exergy destructiod®* (kWh) in the investigated heat pump, peak heatdr a

Jk
emission space heating system (base case).

Table 3. Conventional exergoeconomic analysis®btise case of the system

Component Cri | ok, Z A R I VGl B e

€kWH! | €kwn' | €vyear | €vyeal' | €.yeat % %
HP 0.035 0.379 1889 183 2072 989 | o1
PH 0.035 2.280 199 13.6 212 6451 | 94
ES 0.430 0.905 285 651 937 110 | 30
Overall | 535 0.905 2374 249 2623 2501 | o1
system

As for the exergoeconomic analysis the heat puntpascomponent with the highest value of the
sumy s+ BX = 151423mPts [year™ (see Table 4).

D,HP
From exergoenvironmental viewpoint the emissioriesysis also of the second order of priority (
Y+ By = 73820 mPts Lyear™ ). As a result the total sunys™ + B, of the overall system is

D,ES
equal to 209395mPts: y&arOn the contrary to the exergoeconomic analykis)aw values of the
exergoenvironmental factor for all components ef $istem (<20%) indicate that its environmental
impact can be decreased by increasing thermodyrefficeency of the system components.

Based on the above findings, it can be concluded for the simultaneous thermodynamic,
economic and environmental improvement of the ingated system the changes to the design of
the heat pump and the emission system should Heedpfi is recommended to decrease exergy
destruction in the emission system. In case ohtta pump there are two opposite findings. From
the exergoeconomic viewpoint the capital investnanthis component should be decreased. On
the other hand, the exergoenvironmental analysigates that thermodynamic efficiency of the
heat pump should be increased.

The works [4, 5, 9] also demonstrate that higheites of the sumg;* +(%" and V" + B

belong to the heat pump. The high value of exemgoemic factors and low value of the
exergoenvironmental factor for the entire systemguground source heat pump are also reported
in [4].



Table 4. Conventional exergoenvironmental analgbibie base case of the system

Component bk by v By, | YCTABL | | 6

mPts/kWhr|mPts /kWhr| mPts-yeat | mPts-yeadt | mpts. yeat % %
HP 27 43 9577 141846 | 151423 59 6.3
PH 27 166 2677 10520 13197 516 20.3
ES 46 84 3905 69915 73820 81 5.3
Overall 1,/ 84 16159 193236 | 209395 210 7.7
system

For a further analysis of the heat pump the advhmergy-based evaluation was applied. The
values of endogenoug;"’ ™ ”*" and exogenous,’ “~”* avoidable parts of seasonal (annual)
exergy destruction and the values of appropriagebuped endogenous/exogenous avoidable parts
of seasonal (annual) exergy destructﬁfﬁ"v’”"’” in the compressor, condenser, throttling valve and

evaporator of the investigated heat pump are intred in Fig. 2.

It can be observed from Fig. 2 that 448 kWh or 34of/avoidable exergy destruction in the
compressor can be reduced by improving this commoraother part (66 %) of avoidable exergy
destruction in the compressor is caused by thesdrsihilities that occurs in the remaining
components. These data are in a good agreementtwethresults presented in [3, 12] where
depending on the working fluids 40...56% of exerggtdection which can be avoided in in the
compressor is due to irreversibilities within tleenaining components.

The results obtained from the advanced exergetitysis indicate that the endogenous avoidable
exergy destruction in the throttling valve is zefbis means that the exergy destruction within this
component can be reduced through changes in thaingm components (evaporator, condenser
and compressor) or in the structure of the ovesgdtem. This conclusion completely coincides
with the data provided in [3, 12, 13].

According to the results presented in Fig.2 565 kWB4 % of avoidable exergy destruction in the
evaporator is endogenous. Moreover the evaporaoifisantly affects the exogenous avoidable
exergy destruction associated with the remainingpmnents (mostly in the compressor and the
throttling valve). The big role of improvement dfis component for possible thermodynamic
savings is also confirmed in [3, 10].

234 kWh or 75 % of avoidable exergy destructionhwitthe condenser is endogenous (Fig. 2).
Irreversibilities taking place within this componeiso affect thermodynamic efficiency within the
remaining components (mostly in the compressortiaadhrottling valve).

Some amount of exergy destruction within the heshp components is mexogenous and caused
by the combined interactions of more than two conembs (Fig. 2).

It can be observed from Fig. 2 that decreasingirtie@ersibilities within some components also
leads to some increase exergy destruction in therst Negative sign of several parts of avoidable
exogenous exergy destruction confirms that. Theagemous avoidable exergy destruction within
the evaporator is equal to -61 kWh. -17 kWh of @veidable exergy destruction within throttling
valve also depends on combined interactions of rtiae two components. The avoidable parts of
exogenous exergy destruction within the evaporaod the throttling valve and caused by
compressor are also negative and equal respectively8 kWh and -16 kWh.

The similar information concerning negative valoégxogenous exergy destruction is obtained in
a series of works: [3] for a vapour-compressiomigefation machine with R407C, [10] for an

absorption refrigeration machine, [13] for a wateurce heat pump providing space heating, [23,
24] for geothermal district heating systems, [25]d combined cycle power plant. Negative values



of exogenous exergy destruction provides negatahees of costs and environmental impact due to
exergy destruction. This is is confirmed in [26, 28, 29].

It can be seen from the Fig. 2 that the biggestieraif exergy destruction in the air-source heat
pump can be removed with the help of improving evar because the sum of avoidable
V.2, year

endogenous and avoidable exogenous exergy destru€f),, in this component is equal to

1609 kWh or 63 %. These parts of avoidable endogerend avoidable exogenous exergy
destruction in the condenser and compressor ar@ 96 kWh and 435 kWh, respectively (i.e. 3
and 3.7 times lower than in the evaporator).

The advanced exergoeconomic analysis provides siljpdy to group the avoidable costs caused
by the analyzed component but associated with lwdtlthis and the remaining components

ZAV e g cav e (Taple 5).
According to the results presented in Table 3 ierihvestigated air-source heat pump the highest
value of the sumz;!">>< + ;"> belongs to the compressor and is equal to 690- Fead

(56 %). This sum is caused mostly by capital inwestt and can be reduced at the expense of the
compressor efficiency. For the evaporator this péthe costs is equal to 434 Euro- Ve85 %)
and caused mostly by its thermodynamic inefficiency

Additional analysis shows that some amount of itmesit expenditures of the most expensive
component (compressor) can be decreased by incgedise thermodynamic efficiency of the
evaporator and condenser. This can be explainddauiore detailed evaluation of the exogenous
part of the capital investments for the compre¢$able 6). It can be seen that endogenous capital
investment costs of the compressor are equal t& E200- yedrf. Furthermore, this is the biggest
share of capital investment for the heat pump. H@ne426 Euro-yedrbelong to the exogenous
part of the capital investment costs and refer e ftrreversibilities distributed within other
components: 116 Euro-y&adue to the condenser, 236 Euro-edue to the evaporator and 74
Euro- year due to the mixed influence of more than one compbne

According to the methodology of advanced exergoesoa analysis [1, 2, 12] the exogenous part
of the capital investment cost is the differencéwieen the value of the variable within the
component in the real system and the endogenous parthermore, the endogenous capital
investment cost is the part of a variable withinomponent obtained when all other components
operate ideally (with excluded or minimized irresibilities) and the component being considered
operates with the same efficiency as in the reatesy. Therefore, if the exogenous capital
investment cost of the compressor caused by irsévities taking place within some component is
positive, it means that investment cost of the cmsgor can be decreased by reducing the
irreversibilities within the other component (evegtor or condenser). On the other hand, if the
exogenous part of capital investment cost is negatit means that in order to decrease the
investment cost of the considered component tegarsibilities within the other components needs
to be increased This is mentioned in [18] for aevaburce heat pump providing space heating, in
[26] for a trigeneration system using a diesel-gagine and in [28, 29] for a power plants with
CO2 capture.

The advanced exergoenvironmental analysis (Tableshows that the environmental impact
associated with the heat pump can be significardijuced by increasing the thermodynamic
performance of the evaporator. For the investighteat pump about 70074 mPts-year 70% of

the the total avoidable environmental impact asdedi with construction and exergy destruction
belongs to the evaporator and can be decreasedyrbgsimproving thermodynamic efficiency of
this component. Decreasing irreversibilities octigwithin the condenser is of the second priority.
The condenser provides 16178 mPts-Veaar 16% of the avoidable environmental impact withi
the heat pump.
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Table 5. Advanced exergoeconomic analysis of taegwenp (base case)

Component | Z/"*>* €.year A‘\liz’yea', € year ZKAVZ’year+ A;’Z Y £.year
CM 681 9 690
CD 1,4 105 107
TV 0,0 6,1 6,1
EV -6,3 441 434

Table 6. Splitting the capital investment costdomponents of the heat pump (base case)

Component Z2rer € year ZZrer € year
CM 1205 426 CD 116
TV 0
EV 236
mexo 74

Table 7. Advanced exergoenvironmental analysiseheat pump (base case)

AV Y year ) =l
Component lY k , MPts-yea By mPts-yeat | y/V R + gAY Erer mPts. yeat
CM 2128 11285 13413
CD 675 15503 16178
TV 0 823 823
EV 1257 68817 70074

Therefore, for the simultaneous thermodynamic, esoa and environmental improvement of the
base case of the investigated heat pump, irrevigis within the evaporator and the condenser
should be reduced by decreasing temperature difesein these elements.

Taking into account the results obtained abovepssible interactions between other components
of the heating system (peak heater, emission systmr additional cases for improving the
analysed system were investigated: case 1 — reduatithe minimal temperature differences in the
condenser of the heat pump to 1 K; case 2 — ramtuofithe minimal temperature differences in the
evaporator of the heat pump to 3 K; case 3 — reglucf the minimal temperature differences in the
evaporator and the condenser of the heat pumgKtarl 1 K, respectively; case 4 - replacement of
the existing emission heating system with’@(50 °C to the low temperature one with 80/40°C,
which requires increasing the surface of the emmmssystem.

Sum of the cost associated with capital investraent operating and maintenance expenses for the
components of the each proposed cases are sholg.i8. This data is introduced for additional
confirming conclusions concerning possibilities adcreasing investment expenditures for the
compressor due to reduction of the temperaturerdifices in heat exchangers. It can be observed
that in the case 1 with reduction of the minimahperature differences in the condenser to 1 K the

investment costs associated with the compressor de@eased from1631€ Jear™” to
1480€ year™ . However, this causes comparatively smaller irsgda investment expenditures
for the condenser (fromd30€ Orear™ to 194€ year™) and the evaporator (from27€ year™’

to 132€ rear™). The similar results are obtained for the cageghich the minimal temperature
differences in the evaporator is decreased fror{ 1 3 K. In this case the investment costs for the
compressor are decreased BY5€ year™ (from 1631€ Lyear™ to 1365€ year™). Again
compared to the base case smaller changes in imeestexpenditures for the evaporator (by



255€ year™ —128€ [year " =127€ [year™) and the condenser (byZ€ rear™) take place.

In the case 3 (i.e. reduction of the minimal terapge differences in the evaporator and the
condenser of the heat pump to 3 K and 1 K, resgsygji the lowest value of the investment costs

associated with the compressor is obtaindd56€ rear™"). Increase in investment expenditures
for the evaporator (fron128€ (year™ to 261€ [year™ or by 133€ [year™") and the condenser
(from 130€ year™ to 195€ year™ or by 65€ (year™) is not higher compared to the increase
in investment expenditures for the compressor (froe®7€ year™ to 1256€ year™ or by

375€ [year™"). In the base case and cases 1, 2, 3 the valuggof associated with the peak

heater and emission system remains unchangedh&aase 4 in which switching from high to low
temperature heating is proposed, investment experdiassociated with the compressor are again

decreased by180€ Jrear™ (from 1631€ Jvear™ to 1451€ Jyear™). The increase in
investment costs for the emission system are caatipaly lower in the case 4 and equal to

95€ear . The investment expenditures associated with trelenser, evaporator and peak
heater remains almost the same.
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Figure 3. Investment costg ", €-year! for components of the investigated cases of space

heating heat pump system

The estimated values of the exergoeconomic andyegavironmental variables for the proposed

cases are listed in Tables 8 and 9, respectively.

As it can be seen from the obtained results, frorargoeconomic and exergoenvironmental
viewpoints, the case 3 is the most appropriatefonéamprovement of the system under analysis.

The sums Z7 +C)% = 2368 € year™ and Y + B} =162014mPts year™ are the

D, tot

lowest ones for the case 3. The case 2 is of tbensepriority in which the total cost associated
with investment expenditures and exergy destrucisoaqual to 2421 € [year™" and total cost



associated with environmental impact and exergyrdeton is equal tol 71282 € [year’ . Cases
1 and 4 are very close from the viewpoint of exeggmomic and exergoenvironmental analyses.

For these two cases the total sufff™ + " is equal t02520 € vear™ and 2514 € year™

D ,tot

respectively and the sum is equalt87308mPts ear™ and 190600mPts [year " , respectively.

Table 8. Exergoeconomic estimation of the propaseeés of the system

Componertt Fee, | Crue, | A | Co | BRTECTL | R
€ kWH' | €kwh® | €vyea | €vyeal' | €yea % %
Base 0.035 0.905 2374 249 2623 2501 91
1 0.035 0.885 2290 230 2520 2442 91
2 0.035 0.884 2233 188 2421 2443 92
3 0.035 0.876 2196 172 2368 2418 93
4 0.035 0.887 2291 223 2514 2448 91

Table 9. Exergoenvironmental estimation of the psgal cases of the system

Componerlt e, | PR, | VI | B |YWXTHBIL | omn | £

mPts-kKWH | mPts- kKWH | mPtsyeaf" | mPtsyear' | mPtsyear! % %
Base 27 84 16159 193236 209395 210 7.7
1 27 80 18732 178577 197308 197 9.5
2 27 79 25656 146166 171822 191 14.9
3 27 76 28689 133325 162014 180 17.7
4 27 78 17462 173138 190600 188 9.2

Fig. 4 summarizes the most important objective fions of the investigated system. The presented
values confirms that the case 3 is the most aitteeimong others. The annual exergy destruction
in the case 3 is e%ual to 4938 kWh and lower by , 32586, 9% and 23% respectively compared
with the base, s}, 2" and the & cases. The annual exergy efficiency of the casel!8 highest and
equal to 0.29. The base and the cases 1, 2 areleharacterized by annual exergy efficiency equal
to 0.22, 2.23, 0.27 and 0.24, respectively. Acamghyi the sustainability index [25] for the cases3 i
also the highest among others. The case 3 is dbawmsd by the highest value of the annual
coefficient of performance for the heat pump, whiglequal to 4.3. For the basé', P and &'
cases this parameter is equal to 3.21, 3.42, A0B&1, respectively. The annual cost of exergy of
the product of the system for the all cases isveoy different. In all proposed cases this paramete
is decreased by only several percent. However, rdrgpto the results obtained above the cases 1,
2, 3 and 4 are better options for simultaneous avgment of the thermodynamic, economic and
environmental performance of the investigated systeor the case 3 the annual cost of exergy of
the product of the system is equal to 1728 €}e@he annual environmental impact associated
with the product of the system for the case 3 @ebsed by 9.5%, 5.6%, 3.6% and 2.5 % compared
to the base,®] 2" and the ¥ cases, respectively.
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Figure 4. Objective variables of the investigatgdtem: a) annual exergy destruction, b) annual
exergy efficiency, c) annual coefficient of perfante, d) annual sustainability index, e) annual
cost of exergy of the product, f) annual environtaempact associated with the product

4. Conclusions and future developments

Heat pump units for space heating are expectedaly @ key role in significantly reducing the

environment impact of such a fundamental sectonwéder, the performance of these systems
including off-design operations has never beenuatatl by means of the currently most powerful
thermodynamic tools, i.e. advanced exergetic, eamrgnomic and exergoenvironmental analyses.



According to the obtained results the biggest vafiexergy destruction in the investigated heat
pump can be removed by improving evaporator. The etiavoidable exergy destruction within
the heat pump belongs to this component and isl égd&09 kWh or 63 %.

The highest value of the avoidable cost associatgld investment expenditures and exergy
destruction belongs to the compressor and is equa®0 Euro-yedr (56 %). This sum is caused
mostly by capital investment and can be reducetieaexpense of the compressor efficiency. For
the evaporator this part of the cost is equal té E8ro-yeat (35 %) and caused mostly by its
thermodynamic inefficiency.

About 70074 mPts-yearor 70% of the the total avoidable environmentapaat associated with
construction and exergy destruction belongs to ébhaporator and can be decreased mostly by
improving thermodynamic efficiency of this compohéfhe condenser provides 16178 mPts-Vear
or 16% of the avoidable environmental impact witthia heat pump.

The proposed design changes involved minimizing itheversibility within the evaporator,
condenser and emission system by reducing temperdttierences. This decision only slightly
increased capital investments and constructiomsafgonent-related impact. Also, additionally to
the thermodynamic objective functions the finaleabive economic and ecological ones were also
improved.

Compared with the initial case the improved solufwovides the reduced value of annual exergy
destruction by 31%. The annual cost of exergy ef pnoduct of the improved system is also
decreased by several percent. The annual envirdaiierpact associated with the product of the
system is decreased by 9.5 %.

Future research will involve the selection of thestmappropriate low Global Warming Potential
(GWP) working fluid for heat pump units aimed atasp heating based on advanced exergy
methods as well as the use of field measurements.
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Highlights

Exergy-based analysis has been applied to an air-source heat pump for
heating.

The system performance was investigated based on its off-design
operational modes.

Reducing the irreversibilities through the evaporator and condenser is
proposed.

The thermodynamic, economic and environmental performance of the
system was evaluated.
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