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Abstract:

This works aims at evaluating the impact of different ratios of heating design loads to cooling ones on the
thermodynamic efficiency of a R290 air-to-water reversible heat pump with the aid of an exergy analysis. The
potential improvements of the investigated solution were also assessed. The heat pump was sized for a two-
pipe fan-coil system designed with supply/return water temperatures of 45/40 °C in winter and 7/12 °C in
summer. The outdoor air was cooled from -7 °C to -12 °C in heating mode and heated from 30 °C up to 35 °C in
cooling mode, respectively. The heating loads were varied in a range from 8 kW to 13 kW, whereas the cooling
loads were ranged between 6 kW and 15 kW, respectively.

The results obtained showed that heat exchanger sizing plays a significant impact on the distribution of exergy
destruction within the system components. As the system was sized based on the cooling load, the air-based
heat exchanger was found to be oversized and the water-based heat exchanger was observed to be
undersized for covering the heating loads and vice versa. It was also found that for the ratios of heating design
loads and cooling ones less than 1.2 the system should be sized based on the cooling design loads. In this
case lower system exergy destruction could be obtained. Furthermore, in this case the thermodynamic
improvement of the air-based heat exchanger, the water-based heat exchanger and the compressor had
approximately the same potential of increasing the efficiency of the system. As the ratios of heating design
loads and cooling ones were higher than 1.2, the heating load should have been used for sizing the system
components due to higher thermodynamic efficiency of the system compared to the previous case and
technical possibilities to be operated. Removing the avoidable irreversibilities within the air-based heat
exchanger offered the biggest decrease of the exergy destruction within the system.
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1. Introduction

Today a large offer of reversible heat pumps with investment costs comparable to those of non-reversible units
is available. These solutions are one of the most widely used heating, ventilation and air conditioning (HVAC)
technologies in Europe. About 70 % of air-conditioned office buildings are cooled down by reversible heat
pumps [1]. Such units have the ability to provide low carbon heating and cooling and great thermal comfort
levels through one distribution system (assuming the emitter is capable of providing both modes).

During the last decades the research has demonstrated the impact of refrigerants on ozone depletion and
global warming. So, the implementation of highly thermodynamically efficient heat pumps relying on very low
global warming potential (GWP) refrigerants is compulsory.

The authors of [2] dealt with a numerical analysis of a reversible air-source heat pump incorporated into the
HVAC system of a typical office building. The results obtained showed that energy performance of the system
strongly depended on the of the unbalance indicator, estimated as the ratio of cooling loads to heating ones
of the building, and of the overall index of heat pump oversizing/downsizing with respect to the design loads
of the building.
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In [3] the simulation model of an air-to-water R410A based reversible heat pump was developed to simulate
its performance at off design conditions. The annual efficiency of the system was found to be able to be
maximized by changing temperature, flow rate of air and water and refrigerant mass flow rate.

The relationship between air-to-water heat pump performance using R410A and the Italian building heating
and cooling loads was numerically investigated by Madonna et al. [4]. The authors observed that the reversible
heat pump oversizing can cause an excessive on/off cycling and an efficiency reduction (up to 25 %).

Most of current heat pumps use hydrofluorocarbons (HFCs), which have a massive GWP. Therefore, in the
last decade several studies have been devoted to investigate environmentally friendlier alternatives, e.g.
hydrofluoroolefins (HFOs) [5] and hydrocarbons (HFC) [6]. However, the recent environmental concerns on
HFOs are promoting the adoption of natural refrigerants. In addition, [6] observed that R290 is a better
substitute for R134a than R600a for residential heat pump water heaters.

From the review made above, it is possible to conclude that the reversible heat pump sizing strongly affects
energy efficiency of such systems. Most of the investigations has been based on analyses focusing on
conventional objective variables and conventional energy assessments. However, application of exergy
analysis would provide better insight into possibilities to reveal the location, the magnitude and the sources of
thermodynamic inefficiencies within the system. Advanced exergy analysis additionally considers
thermodynamic interactions among components and the real potential for the system improving. Investigations
of reversible heat pumps with ultra-low GWP refrigerants are also of high interest. Thus, the goal of this work
is to bridge this knowledge gap by applying the exergy methodology for sizing an air-to-water reversible heat
pump with propane and evaluating the real potential for its thermodynamic improvement.

2. Materials and Methods

2.1. Conventional Exergy Analysis

In the conventional exergetic evaluation of the k-th component of the investigated system, the following
equations were used [7]:

- Gouy-Stodola theorem
ED,k = TOSgen,k > (1)

where ED’k is exergy destruction rate within the k-th component, T, is temperature of the reference
environment and S'gen,k is the entropy generation owing to internal irreversibilities;

- the exergy balance for the k-th component
EF,k = EP,k + ED,k > ()

where E'ka and EP,k are exergy rates associated with fuel and product of the component, respectively.

2.2. Evaluation of Removable Exergy Destruction

Since evaluating removable parts of exergy destruction occurring in each system component was within the
scope of the work the method presented in [8] was applied. According to this method, the avoidable exergy

destruction rate ( EZY™"), which is internally caused, can be computed as the difference between the total
exergy destruction of the investigated component ( E'D'k ), i.e., calculated under real operation conditions, and

its exergy destruction ( Eg’f’,f”k ) evaluated under conditions at which its irreversibilities are reduced by improving
its efficiency while accounting for the fact that the remaining components are operating under real conditions:

Eoi™ = Epy —Epi™. ©)
The avoidable exergy destruction within the k-th component, which is caused by the avoidable irreversibilities

occurring within the r-th component (i.e., externally caused) ( £4%57"), can be computed by subtracting the

exergy destruction rate (Eg{’:“ ) within the k-th component under the conditions at which the r-th component
operates with reduced irreversibilities and the remaining components are operated under their real conditions

from the exergy destruction rate ( £, , ) occurring within the k-th component under its real operation conditions:

Epi™"" =Ep, —Epy". 4)
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The importance of the components from the thermodynamic viewpoint and priorities for improving the k-th
components were identified on the basis of the sum of the internally caused avoidable exergy destruction (

EZYNT ) and the externally caused avoidable exergy destruction within the remaining components ( E2Y 57

)

n-1
—AV,XINT EXT _ [=AV,INT = AV ,EXT ,k
Ep =ES" + > EDY ) %)
r=1
r#k

2.2. Case Study

The investigated heat pump system was considered to be able to be reversed by means of a refrigerant
change-over, which reverses the flow passage into the two exchangers (Figure 1). In cooling mode, the air-
based heat exchanger (outside heat exchanger) worked as condenser, rejecting heat into the outdoor air, while
the water-based heat exchanger (inside heat exchanger) worked as an evaporator, absorbing heat from the
two-pipe water distribution system. In heating mode, the air exchanger worked as an evaporator, absorbing
heat from outdoor air, while the water exchanger worked as a condenser, transferring heat into the same
distribution system. It was assumed that the cold-emission terminal units were adapted for hot emission at low
temperatures.

—

- N

Y

Figure. 1. Investigated reversible air-to-water unit connected to a two-pipe distribution system.

In heating mode the outside air was assumed to be cooled in the air-based heat exchanger from =7 °C down
to =12 °C and the water was assumed to be heated in the condenser (water-based heat exchanger) from 40
°C up to 45 °C. In cooling mode the outside air was assumed to be heated in the outside heat exchanger
(condenser) from 30 °C up to 35 °C and the chilled water was assumed to be cooled in the inside heat
exchanger (evaporator) from 12 °C down to 7 °C. The pinch-point temperature in the outside and inside heat
exchangers were taken as 12 K and 5 K, respectively. The pressure drop of the working fluids in the pipes and
components was neglected.

In the design mode, which was used for sizing system, the following assumption were made:

e the evaporation temperature of R290 was calculated as the difference between the temperature of the
secondary working fluid (air for heating mode and chilled water for cooling mode, respectively) at the
evaporator outlet and the pinch point temperature difference in the evaporator (12 K or 5 K, respectively);

o the temperature of R290 at the compressor inlet was increased by 5 K due to superheating within the
evaporator;

e the condensation temperature of R290 was calculated by adding the value of the pinch point temperature
of the condenser (5 K or 12 K, respectively) to the temperature of the secondary working fluid (heated water
or outside air, respectively) at the condenser outlet.

The specific power required by compressor was estimated from the following equation [3], [9]

ICM _ (hCM,in ; hCM,out) , (6)

where 7, is the compressor’s isentropic efficiency, and hCM_,n and hCM]Du, are the specific enthalpies at the
inlet and outlet of the compressor, respectively.
Specific enthalpy at the compressor outlet after real compression was calculated as
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h —h,,

CM ,out is CM.,in

hCM,ou! = hCM,in + n B (7)
is

where hg,, ...;s is the specific enthalpy at the compressor outlet after isentropic compression.

The volumetric (7,,, ) and isentropic (7);) efficiencies of the compressor were calculated using Pierre’s
correlations for “good” reciprocating compressors [10] following the methodology used in [11], [12]:

toyn—18 .
nvoI:k1. 1+ks‘L ~eXp kZM > (8)
100 CM ,out

toy i —18
M:(1+ke.Lj-exp(a-%+bJ, ©)
2

i 100

where g, is the refrigerant temperature at the compressor inlet, pey, i,/ Poy.ou IS the pressure ratio, T1/T2
is the ratio of the condensation and evaporation absolute temperatures (in Kelvin) corresponding to the
discharge and the suction compressor pressures. The remaining symbols - k,, k¢, k,, k,, a and b - are
constants equal to 1.04, 0.15, -0.07, 0.1, —-2.40, and 2.88, respectively.

The expansion valve was modelled as an isenthalpic component

hEXV,in = hEXV,out > (10)

e

where hEXV,in* hEXV,out are the specific enthalpies at the inlet and outlet of the expansion valve, respectively.

Mass flow rate of R290 under design conditions in heating mode was calculated as

N Design
4 Heat
(i —— (b
cD,in — "'cD,out

where Qﬁjj;g” is the heating load of the system at the design conditions, hg, ,, is the specific enthalpy of the

refrigerant at the condenser inlet (i.e. at the compressor outlet) and h, ,,, is the specific enthalpy of the
refrigerant at the condenser outlet.
And consequently, the heat transfer rate in the evaporator was calculated as

QEV =m,, (hEV,out - hEv,in) > (12)

where hEV’out and hEV,in are the specific enthalpies of R290 at the evaporator’s outlet and inlet, respectively.

In cooling mode the mass flow rate of R290 was calculated by the following equation
~Design

i Qe 13
" hEV,out -h ( )

EV.,in

where Q229" is the cooling load of the system at the design conditions, hg, ., is the specific enthalpy of the

refrigerant at the evaporator outlet (at the compressor inlet) and hEvy,,, is the specific enthalpy of the refrigerant
at the evaporator inlet (at the expansion valve outlet).
Hence, the heat transfer rate of the condenser was found as

OCD = mwf (hCD,/'n - hCD,out) . (14)

The power required by compressor was evaluated as
Wen = rhwf (hCM,out - hCM,/'n) . (15)

The compressor swept volume (V, ) was estimated using the following equation
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.. m )
\/S — ,\(fIUCM,m . (16)
77\/0/

where N is the compressor rotational speed, 7], is the compressor’s volumetric efficiency and v, ;, is the
specific volume of R290 at the suction line of the compressor.

Mass flow rates of the secondary fluids through the heat exchangers were governed by the energy rate balance
equations

mair(water) = QEV ; ( 1 7)
(hair(water),in - hair(water),out )

rhwater(air) = QCD ; ( 1 8)
( water (air),out ' 'water(air),in )

where h,, and h,,,, are the specific enthalpies of the air and water at inlet (in) and outlet (out), respectively.

The condenser was divided into two main sections: the de-superheating region and the phase change region.
The subcooled zone was neglected. The evaporator consisted of an evaporation region and a superheating
one. The heat transfer rate within these sections was evaluated using the logarithmic mean temperature
difference approach [3], [9]

Q=U-A-LMTD, (19)

where Q is the heat transfer rate, U is the overall heat transfer coefficient, A is the heat transfer area of the
considered section and LMTD is the logarithmic mean temperature difference defined by the following
equation

AT, — AT,

In LB
AT,

where AT1 and AT2 are temperature differences between the working fluids on the hot and cold sides at each

end of the considered section.

For the air-based heat exchanger (finned-tube heat exchanger), the following expression for the overall heat
transfer coefficient referring to secondary fluid heat transfer surface was applied

-1
U:(L+L.ﬁ) , @1
aair awf Awf

LMTD = (20)

where A, and A, are the heat transfer areas on the air and the refrigerant side, respectively, and «,, and
o, are the corresponding heat transfer coefficients, respectively.

The plate heat exchanger was designed as the inside unit.

The data presented in [13], [14], [15] were generalized and used for calculation of the overall heat transfer
coefficients within the specified condenser and evaporator regions.

The temperature and absolute pressure of the outside air were used to ascertain the thermodynamic properties
at the evaporator inlet for heating mode and at the condenser inlet for cooling mode, respectively.

The thermo-physical properties of all the working fluids were evaluated via CoolProp [16]. The simulations
were performed through MATLAB software package.

The same procedure was applied for the design of the system and estimation of internally and externally
caused exergy destruction with pinch point temperatures in the air-based heat exchanger and the water-based
heat exchanger equal to 6 K and 2 K, respectively and increased efficiency of the compressor by 10 %
compared to real designed conditions.

After finding geometric parameters of the system, the operating characteristics were calculated for off-design
conditions. During the off-design operations in heating mode, the water temperatures at the inlet and outlet of
the water-based heat exchanger were equal to 40 °C and 45 °C, respectively. During cooling mode at the off-
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design conditions, the water temperatures at the water-based heat exchanger’s outlet and inlet were equal to
7 °C and 12 °C, respectively. Then, the mathematical approach suggested in [17] was adopted to assess the
thermodynamic parameters of the investigated heat pumps under off-design conditions in both cooling and
heating modes. During these calculations the mass flow rate of the working fluid was governed by the Eq. (16).
Eq. (19) was used for the evaluation of either the heat transfer rates or the temperatures within considered
heat transfer section.

As the main focus of this work is on the implementation of an exergetic evaluation, the overall heat transfer
coefficients were considered as constant under off-design modes and equal to the ones estimated for the
design mode.

The off-designed modes were estimated under real operation conditions and under conditions conducive to
the evaluation of the removable exergy destruction.

Exergetic analysis was performed based on the selection of the ambient (outdoor) air parameters as the
reference ones [18].

3. Results and Discussion

Heat transfer areas of the air- and water-based heat exchangers, which were required for covering heating or
cooling loads by the inside heat exchanger, are presented in Figure 1. It could be observed that in general for
covering cooling loads the air-based heat exchanger was found to be larger and the water-based heat
exchanger was found to be smaller compared to the required heat transfer areas for covering the same heating
loads with the same pinch point temperature. Also, the value of oversizing or undersizing depended on the

ratios between heating and cooling loads (QHeat/QcOo/ ), which then was found to affect the irreversibilities
within the components.

For example, if the system had been sized with the specified pinch point temperature within heat exchangers
on the base of heating design loads equal to 12 kW the area of the outside heat exchanger should have been
7.7 m2 and the area of the inside heat exchanger should have been 2.2 m2. However, for providing the same
cooling load with the same pinch point temperature the heat transfer area of the outside and inside heat
exchangers should have been 18.4 m? and 1.3 m?, respectively. Thus, the system designed in this way would
have had undersized area of the air-based heat exchanger for operation with 12 kW cooling load, which should
have been compensated with larger temperature difference, leading to increased irreversibilities within the
outside heat exchanger, expansion valve and compressor. On the other hand, the water-based heat exchanger
of the system would have had oversized area for covering 12 kW cooling demand, which would have provided
lower temperature difference within the heat exchanger and thus decreased irreversibilities within this
component, expansion valve and compressor. The higher the ratios of heating demand to cooling one (

OHeat/Qcoo/ ) for the system designed on the base of heating loads, the better agreement between the

designed and required areas of the air-based heat exchanger and larger oversizing of the designed areas of
water-based heat exchanger for covering cooling loads.

25

20 -

Area, m?

Heating or cooling load of the inside HE, kW

—— Sized on the base of heating load - - - Sized on the base of cooling load

Figure. 2. Needed heat transfer areas for the air- and water-based heat exchangers required for covering the
heating or cooling loads of the water-based heat exchanger.

If the system had been sized using a cooling design load of 10 kW, the areas of the outside and inside heat
exchangers would have been equal to 15.3 m? and 1.1 m2, respectively, and appropriate exergy destruction
would have been obtained. In case of providing 10kW of heating load, due to oversized area of the air-based
heat exchanger and undersized area of the water-based heat exchanger, this system would demonstrate other

values of exergy destruction. For higher ratios QHeat/QCool of the system designed on the base of the cooling
loads the degree of difference between the designed areas of the air-based heat exchanger and the needed
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ones for covering heating loads would have been smaller. However, undersizing the water-based heat
exchanger for covering heating loads would have been bigger.

The distribution of the exergy destruction rates in the components of the investigated system sized on the base
of the heating design load with different ratios between heating and cooling loads (QHea, /QCDO, ) is shown in
Figure 3. It could be seen that when the designed system was operated for covering cooling loads (empty
circles in Figure 3a) at the ratios of heating loads to cooling ones ranging from 0.65 to 1.4 the air-based heat
exchanger had much larger exergy destruction rates compared to the mode operated for covering heating

loads (filled circles in Figure 3,a). This could be obtained due to undersized area of the outside heat exchanger,
which was explained with the above suggestions (see Figure 2).
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Figure. 3. Exergy destruction rates in the components of the system sized on the base of heating design
loads with different ratios to heating loads and cooling ones: a) outside heat exchanger, b) inside heat
exchanger, c) compressor, d) expansion valve, filled circles — operated for covering heating load, empty circles
- operated for covering cooling load.

Oversized areas of the water-based heat exchanger did not change substantially exergy destruction rates
within the inside heat exchanger operated for covering cooling loads (see Figure 3b).

At the ratios of heating loads and cooling ones ranging from 0.65 to 1.4 temperature differences in the air-
based heat exchanger was increased. As a result, it provided higher pressure ratios in the compressor and
the expansion valve. The exergy destruction within these components was incresed (empty circles in Figure
3c and Figure 3d) in comparison to heating modes (filled circles in Figure 3c and Figure 3d).

If the system had been sized on the base of the cooling design loads (Figure 4) it could not have been operated
for the values of Q,.,, /QCOO, higher than 1.3 due to technological limitations. Similarly to the previous scenario,

in case of sizing system based on cooling design loads the outside heat exchanger would have been oversized
for covering heating loads, resulting in decreased exergy destruction rates (filled circles in Figure 4a) within

this component compared to the cooling modes (empty circles in Figure 4a). For QHea, /QCOO, values higher

than 0.8, in case of the use of an undersized water-based heat exchanger during heating modes, the exergy
destruction rates would have been higher (filled circles in Figure 4b) than during cooling modes (empty circles
in Figure 4b). As it was said above, oversized and undersized areas led to a decrease and an increase of
temperature driving force for heat transfer (temperature differences) and pressure ratios, respectively. As a
result, exergy destruction rates within compressor and expansion valve in heating mode (filled circles in Figure
4c and Figure 4d) were found to be larger than during cooling modes (empty circles in Figure 4c and Figure
4d).
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Figure. 4. Exergy destruction rates in the components of the system sized on the base of cooling design loads
with different ratios of heating loads and cooling ones: a) outside heat exchanger, b) inside heat exchanger,
¢) compressor, d) expansion valve, filled circles — operated for covering heating load, empty circles - operated
for covering cooling load.

The values of the total exergy destruction rates in the system with different ratios of heating loads and cooling
ones are shown in Figure 5.

It was found that for the ratios of heating loads and cooling ones within the range 0.65 to 1.2 the system should
have been sized based on the cooling loads. For such design lower total exergy destruction within the system
could have been obtained (from 4.5 kW to 6.5 kW) compared to the system sized on the base of heating loads,
which demonstrated higher total exergy destruction (from 12.0 kW to 6.5 kW).

As the ratios of heating design loads and cooling ones were higher than 1.2, the heating design load should
have been used for sizing the system components. Under such design conditions thermodynamic efficiency
of the system was substantially decreased.
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Figure. 5. Total exergy destruction rates in the system with different ratios between heating and cooling
loads.

The values of the removable and internally caused exergy destruction rate within the k-th component ( E£%""
) and that of the removable and externally caused exergy destruction rate within the remaining components
caused by the k-th component ( £5Y5*) for the system designed on the base of heating load are presented
in Figure 6. The system was operated for covering 10 kW and 7 kW of heating and cooling loads, respectively.

It was observed from Figure 7 that 0.44 kW of removable exergy destruction rate in the compressor could be
reduced by improving this component. Another smaller part of removable exergy destruction rate in the
compressor was caused by the irreversibilities that occurred in the remaining components: inside heat
exchanger (i.e. 0.07 kW) and outside heat exchanger (0.29 kW). Also, 0.11 kW of removable exergy
destruction rate within the inside heat exchanger could be reduced by decreasing the irreversibilities within
this component. Another part of removable exergy destruction rate within the water-based heat exchanger
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(0.06 kW) could be eliminated by improving the remaining components (i.e. compressor and air-based heat
exchanger). The results obtained from the proposed methodology indicated that the internally caused and
removable exergy destruction rate in the expansion valve was zero. This means that the exergy destruction
rate within this component could be reduced through the enhancement in the remaining components. The
inside heat exchanger was found to be responsible for 0.12 kW of exergy destruction rate, which could be
removed within the expansion valve. In addition, 0.38 kW of removable exergy destruction rate within the
expansion valve were caused by irreversibilities within outside heat exchanger. Furthermore, 0.04 kW of
removable exergy destruction rate within the expansion valve depended on irreversibilities taking place in the
compressor. According to the results presented in Figure 6 the largest value of exergy destruction rate, which
could be removed in the air-based heat exchanger, was internally caused (0.62 kW). Furthermore, 0.12 kW
and 0.05 kW of avoidable exergy destruction within the outside heat exchanger depended on irreversibilities
taking place in the compressor and the inside unit, respectively.

Therefore, according to the results obtained the highest priority for improvement of the considered system had
to be given to the air-based heat exchanger. This was due to the fact that the sum of the internally caused and
the externally caused exergy destruction rates, which could be avoided within the investigated heat pump with
the help of improving this component, was the highest one and equal to 1.32 kW (i.e. 58 %) (Figure 6).
Secondly, the investigator needed to focus on the compressor, being accountable for 0.63 kW (i.e. 27 %) of
avoidable exergy destruction within the evaluated system. Thirdly, the water-based heat exchanger
enhancement was found to lead to a potential decrease of 0.35 kW (i.e. 15 %) of exergy destruction.
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Figure. 6. Values of the internally caused and externally caused avoidable exergy destruction rates (kW) in
the components of the R290 air-to-water reversible heat pump designed on the base of heating load and
operated for covering 10kW and 7kW of heating and cooling loads, respectively.

Compared to the results obtained from the previous case, slightly different values of the avoidable exergy
destruction were evaluated within the studied system designed on the base of cooling load (see Figure 7). The
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system was operated for covering 8kW and 11kW of heating and cooling loads. The major differences were
found to be associated with the avoidable parts of exergy destruction caused by the outside heat exchanger.
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Figure. 7 Values of the internally caused and externally caused avoidable exergy destruction rates (kW) in
the components of the R290 air-to-water reversible heat pump designed on the base of cooling load and
operated for covering 8 kW and 11 kW of heating and cooling loads, respectively.

The impact of irreversibilities within the outside heat exchanger was decreased. As a result, the outcomes
obtained showed that the outside, inside heat exchanger and the compressor had almost the same priority for
improvement. The air-based heat exchanger revealed 0.56 kW avoidable exergy destruction within the system.
Also, the water-based heat exchanger offered the potential to reduce 0.49 kW of exergy destruction rate. Also,
the compressor enhancement was found to lead to a potential decrease of 0.47 kW of exergy destruction
within the investigated system.

Conclusions

An exergy-based analysis has been carried out to evaluate the impact of different ratios between heating and
cooling loads on the thermodynamic efficiency of a reversible air-to-water system with propane for providing
heating and cooling needs. The following major findings have been found:

- For the system sized using heating design loads undersizing and oversizing areas of the air-based
and water-based heat exchangers were obtained, respectively, for covering the same cooling loads
with the same pinch-point temperature differences and vice versa;

- Such disagreement of designed and required heat transfer areas affect the distribution of
irreversibilities within the components of the system significantly, mainly depending on the ratios
between heating and cooling loads and the way of system design (based on heating or cooling load);

- It has been found that for the ratios of heating loads and cooling ones within the range from 0.65 to
1.2 the system should be sized based on the cooling loads. For such design approach lower total
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exergy destruction within the system could be obtained compared to the system sized on the base of
heating loads. As the ratios of heating loads and cooling ones are higher than 1.2, the heating design
load should be used for sizing system components. This is because the system designed on the base
of cooling load could not be operated for covering heating needs due to technological limitations.

For the system sized on the base of heating loads removing the avoidable irreversibilities within the
air-based heat exchanger offer the biggest decrease of the exergy destruction within the system;

thermodynamic improvement of the air-based, water-based heat exchanger and the compressor have
approximately the same potential for increasing efficiency of the system designed on the base of

cooling loads.
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Nomenclature
A heat transfer area (m?)
E exergy rate (W)
Q heat transfer rate (W)
h specific enthalpy (J/kg)
k,, kg, k,, k,, @ and b Pierre’s correlations constants
m mass flow rate (kg s')
N rotational speed (s7")
P absolute pressure (Pa)
s specific entropy (J/(kg-K))
T temperature (K)
u overall heat transfer coefficient (W m=2 K1)
14 volume (m3)
v specific volume (m3/kg)
w shaft power required by compressor (W)
GWP  global warming potential
HFC  hydrofluorocarbon
HFO  hydrofluoroolefin

HVAC heating, ventilation, and air-conditioning

LMTD logarithmic mean temperature difference (K)

Subscripts and superscripts
air air

CD
CM

condenser
compressor

D destruction

EXT
EXV

external
expansion valve

EVevaporator

F fuel

gen

generation

INT, int internal
is isentropic

in inlet
k k-th

MIN
out

component
minimum
outlet

P product
r r-th component
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ref refrigerant

s swept
volvolumetric
water water
wf working fluid

0

reference state

Greek symbols
o convection heat transfer coefficient (W m=2 K1)
n efficiency (-)
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