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Abstract: The present investigation deals with the performance assessment of Cascade heat pump plants. The overall power
consumption for a Cascade system for typical heat pump characteristics was studied. Four environment friendly refrigerant
pairs R717/R134a, R410A/R134a, R407C/R134a, and R717/R600a were investigated at low temperature cycle (LT) evaporator
and high temperature cycle (HT) condenser temperatures of (-15 to -4)°C and (70)°C respectively. A preliminary heat pump
plant is suggested to produce (500) kW heat output load as hot water demand at (65)°C with (25)°C temperature lift and a
proper circulation rate. The investigation was carried out at cascade heat exchanger intermediate temperature (IT) of (33)°C
and (35)°C. Sea water at (7)°C was used as a sustainable low temperature heat source and (30%) ethylene glycol-water brine at
temperature of (5)°C as a thermal fluid heat carrier at the LT cycle evaporator. The evaluation of the thermal performance of
the refrigerant pairs was based on a fixed heat pump extraction load at the LT cycle. The heat pump heating coefficient of
performance (COP) revealed an increase fell within the range of (5-7.5)% higher than that of the plant heating COP value for
the studied refrigerant pairs at the whole investigated operating conditions range. The higher IT exhibited the highest heat
pump and plant heating COP than those at the lower value. R717/R600a showed the highest heating COP, lower power
consumption and lower global warming potential (GWP) among other investigated refrigerant pairs. The power consumed by
auxiliary pumps to circulate thermal fluid heat carriers through a heat pump may account to (4-4.5)% and (2-3)% of the
extracted and output heating loads respectively, higher values could be expected for real plant. Two polynomial correlations for
the assessment of the pumping power in terms of the extracted and output heating loads were derived from the present work.
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as concluded by [2].

Reference [3] implemented two heat sources at different
temperatures in a Cascade heat pump. They concluded that at
standard operating conditions, source (0)°C and sink (45)°C,
efficiency and heating capacity improvements of up to (35%)
achieved when the second heat source was at approximately
(20)°C. A compound Cascade system was developed in [4]
where three cycles were integrated with two low temperature
heat sources. R717/R134a system exhibited COP increase of
about (3%) higher than that of the R410A/R134a system for
the whole test operating conditions. The specific power
consumed by compressors for the two sources system
revealed a decrease of up to (3%) lower than that of the sea
water single source Cascade system operating under the same
conditions.

1. Introduction

The Cascade heat pump has been implemented for decades
in the heat conveying technology from a low to high
temperature levels. Enormous number of researches has been
conducted to focus on the improvement of the COP of the
Cascade heat pump by some modifications or techniques
implemented to the heat pump cycle. Ejectors were used
ejectors as a part of the heat pump unit arrangement
circulating R134a and R404a refrigerants [1]. The numerical
analysis showed that applying ejectors to both the high and
low temperature cycles increase the COP by (26.9%) when
compared to standard cascade cycles. The heating COP of the
cascade refrigeration system increases when the mass flow
rate of higher temperature circuit increases in the test range
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Reference [5] investigated the optimal IT for
R134a/R410A refrigerant pair in a Cascade heat pump. A
low temperature heat source cascade system was developed
by [6] which used the sea water at (10)°C to provide hot
water in Alaska. The effect of the water temperature lift on
the performance of Cascade heat pump water heater was
investigated in [7]. A ground source Cascade heat pump
performance was investigated by reference [8] when it
circulates R134a/R407C refrigerant pair. The optimum
condensing temperature of the (LT) cycle fell within the
range of (35-37)°C, when the evaporating temperature of
R407C and condensing temperature of R134a are at (-5)°C
and (65)°C respectively. Reference [9] compared the
performance of combined R744/R134a and Cascade R744/
R134a systems for space heating under specific operating
conditions. They concluded that cascade system performed
better at low ambient temperatures. The combined system
exhibited better performance characteristics under conditions
of high ambient temperature and high hot water temperature
driving force between the system inlet and outlet.

Reference [10] has pointed out that the higher COP for
R410A/ R134a cascade system was obtained when the IT was
in the range (40-41)°C. This behavior was observed at (7)°C
ambient temperature regardless of the water inlet temperature
to the high temperature condenser. The R717/R600a and
R717/R134a revealed the highest COP and lowest power
consumption at (35)°C IT and HT condensation of (70)°C as
concluded by [11] and [12]. The best performance was
obtained when the IT falls within a range close to (33 - 37)°C.
Further, he demonstrated that different operating conditions for
both systems at the high and low temperature cycles may
exhibit the same coefficient of performance [12].

There was no much research work published, at least in the
open literature, to investigate the effect of other electrical
power consumption components than compressors on the
COP of a heat pump. The majority of the research work has

focused on the assessment of heat pump heating coefficient
of performance, compressors power consumption and
refrigerant alternatives selection. These studies have ignored
the power consumed by pumps and other auxiliaries required
to run the Cascade heat pump unit. The present study
considered pumps power consumption in a preliminary
design of a Cascade unit plant to produce hot water at
(65)°C. In this context, the power consumed to run the (3)
pumps to deliver sea water, brine and hot water through the
heat pump will be taken into a count for the plant COP
assessment. The Cascade heat pump is analyzed by different
environment friendly refrigerants to optimize the
performance and find out the optimum operating conditions
for the plant.

2. Case Study

A preliminary thermal design for a Cascade heat pump
plant, performance evaluation and best circulated refrigerant
pairs will be outlined to produce approximately (500) kW
output load for hot water demand. This requires a load of
(305) kW to be extracted from the Ethylene Glycol/Water
solution at the (LT) evaporator. The sea water is considered
as the low temperature heat source used to heat up the brine
in a separate heat exchanger prior to the heat pump system.

2.1. Refrigerant Pairs

Table 1 shows a list for some physical properties of the
selected refrigerants in this study, all composition values are
by a weight percentage. In reality all the selected refrigerants
except the R407C behave as pure fluids from the point of
view of thermal and heat transfer characteristics. Although
R410A contains two refrigerants, it still behaves as a pure
refrigerant with a negligible temperature glide of (<0.2)°C as
shown in Table 1.

Table 1. Selected physical properties of the analyzed refrigerants.

Property R-407C R-410A R717 R134a R600a
Sroiyssh it il R i) R32/125/134a R32/R125 NH3 CF3CH2F C4H10
(23/25/52)% (50/50)% (100)% (100)% (100)%
Molecular Weight (kg/kmol) 86.2 72.58 17.03 102.03 58.12
Normal Boiling Point (°C) -43.4 -51.58 -333 -26.06 -11.7
Temperature Glide (°C) 7.4 <0.2 0 0 0
Critical Pressure (MPa) 4.62 4.926 11.3 4.0603 3.64
Critical Temperature (°C) 86.2 72.13 132.4 101.08 135
Ozone Depletion Potential (ODP) 0 0 0 0.005 0
Global Warming Potential (GWP) 1600 1725 0 1430 about 20

2.2. Operating Conditions

The previous work conducted by [4] and [10-12] was
recalled for the present assessment where the best operating
conditions and performance were attained. Hence, the
following conditions were considered for the purpose of this
study:

1. Cascade heat pump with useful superheat degree in

evaporators of (3-6)°C and subcool degree of (2)°C in

condensers for both cycles.

2. Superheat degrees in piping system were (3)°C and
(1)°C for the LT and HT cycles respectively.

3. The (HT) evaporation and condensation were set at (26
and 30)°C and (70)°C respectively with (LT) condenser
at (40)°C.

4. The intermediate temperatures at the cascade heat
exchanger were at (33)°C and (35)°C.

5. Evaporation temperature at the low side evaporator was
ranged between (-15)°C and (-4)°C.
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6. The compressors are operating at (70%) and (80%)
isentropic and volumetric efficiencies respectively with
(10%) heat loss.

7. Pumps efficiencies were considered as (60%) for shaft
power consumption estimation.

8. Fixed heat load input of (305) kW from the sustainable
heat source, sea water, at entering temperature of (5)°C
for (30%) ecthylene glycol —water mixture to the LT
evaporator.

9. This extracted load produces output load approximately
(471-544) kW for the whole range of operating
conditions at compressors isentropic efficiency of
(70%).

2.3. Cascade System

A standard Cascade heat pump technology is to be
considered for the assessment. It is composed of two separate
cycles and coupled through the cascade heat exchanger as

shown in Figure 1.
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Figure 1. A schematic diagram for a Cascade system.

A schematic p-h diagram of this cycle is illustrated in
Figure 2 for a typical Cascade heat pump system.
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Figure 2. A schematic p-h diagram for a Cascade system.

3. Thermodynamic Analysis
Methodology

3.1. Heat Exchangers

The circulated mass flow rate of refrigerant on the LT
cycle is estimated from the rejected heating load by the brine,
energy balance and adiabatic boundary condition from:

. Qrr,
Mirrer = ", :’ZZ;) (1)

The cascade heat exchanger couples both cycles, it works
as an evaporator for the high temperature (HT) cycle and
condenser for the LT cycle. The condensation load of this
heat exchanger is estimated as:

Qcascade = mLT,‘ref X (h3 - h4) 2

For the HT cycle, the mass flow rate of the refrigerant
circulated in this cycle is estimated from the energy balance
through the cascade heat exchanger to give:

. Q d
Myt ref = (;‘:S_CZS)E 3)

These relations represent the main concept of
thermodynamic analysis for the heat pump on the refrigerant
sides. More detailed analysis for these relations was derived
by [12].

3.2. Power Consumption

The compressors power consumption may be calculated
for individual for each of them from:

WLT,Comp = mLT,ref (hs — hy) “4)
WHT,cump = mHT,‘ref (h7 - hs) )

Hence the total power consumptions by compressors alone
to run the heat pump is:

Wtotal,comp = WLT + WHT (6)
3.3. Coefficient of Performance (COP)

The higher the value of the heat load output at the HT
condenser for a given power input is, the better thermal
performance and economic feasibility will be attained. It is
defined as:

COPutgny = Gneconmy @
This value of COP represents the heat pump coefficient of
performance alone. It is always higher than the real expected
COP and sometimes it is misleading. Moreover, the used
evaluation criteria of the COP are overestimating the heat
pump performance.
In the present study, the more accurate value of power
consumption will be implemented for the purpose of COP
assessment. Although, the power consumed by liquid pumps
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on the thermal fluid carrier side is usually low, it is still
considered as a factor on the heat pump performance.
Therefore, the power consumed (Pspqse) by the (3) pumps,
which circulate sea water, brine and hot water through the
heat pump will be included, hence:

Ptotal,cons = Wtotal,comp + Pshaft (8)

This relation yields the following COP criterion for the
plant:

COPplant — PQHT,cond (9)
total,cons
The available software code for vapor compression
refrigeration cycle known as (CoolPack) presented in
reference [13] is implemented for the extraction of the test
refrigerants physical properties and verification objectives.

3.4. Auxiliary Heat Exchangers

3.4.1. Sea Water/Brine

Figure 3 illustrates the temperature distribution through the
heat exchanger where the sea water rejects its energy to the
brine. A plate heat exchanger type may be selected that
possesses high area density per unit volume of the
equipment. Filtration system should be installed prior to this
heat exchanger on the sea water side.
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Figure 3. Sea water/ethylene glycol solution heat exchanger.

Here, the ethylene glycol-water mixture is heated through
a closed circuit of the sea water heat exchanger to a set value
of (5)°C before it enters to the LT evaporator inlet port.

The sea water flow rate is estimated for a fixed value of
temperature difference through the external heat exchanger as
shown in Figure 3. The volumetric flow rate is calculated
from the following expressions as:

— Qheat load
ps—w (Cps—w X ATs_w)

Vo_w X 3600 (10)
The flow pressure drop due to friction may be calculated
from:

FLV? pyater
Ap = ——jueert (n
Where
_ Vs-w 4
d; = \’3600 Vs—w X (12)

3.4.2. Brine/LT Evaporator

The brine is the thermal fluid carrier of the extracted heat,
it enters the LT evaporator at (5)°C and reject the heating
load of (305) kW to evaporate the LT cycle refrigerant. The
freezing point of the brine should be at least (5)°C lower than
the estimated mean operating temperature of the heating
medium as it passes through the heat exchanger [14]. This
criterion holds for the present operating condition for which
the freezing point of the brine is (-13.7)°C, hence it operates
at a value away from this point, Figure 4.

A
o
<
£
£
=
=
4
-4
E Ty out
=
-10
v
)
>
Length

Figure 4. Ethylene glycol solution/low temperature cycle circulated at the
low temperature evaporator.

The (30%) Ethylene Glycol/Water solution flow rate may
be estimated from eq. (10) with a proper thermal properties
and assumed operating conditions. The properties are taken
at the mean temperature of (4)°C. It enters the sea water heat
exchanger at (-2)°C and leaves at (5)°C, hence a value of
(7)°C for the brine temperature difference as it passes
through the heat exchanger will be considered.

3.5. High Temperature Cycle Condenser

Three zones for heat transfer mechanisms occur through
the condenser. Figure 5 illustrates these successive heat
transfer modes referred to as desuperheating, condensation
and sub-cooling mechanisms. The thermal calculation of the
condenser is out of the scope of the present analysis
objectives, but the total area of the condenser represents the
sum of the three zones surface area required.

The hot water output of the heat pump depends primarily
on the output heating load and available temperature
difference on both sides of the (HT) condenser. It also
depends on the temperature lift required on the hot water side
and its flow rate. The object of this study is to outline the
requirements to produce a hot water at a temperature of
(65)°C from entering temperature of (40)°C. Accordingly, the
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high condensing temperature will be set at (70)°C to provide
a proper temperature driving force on the condenser side. The
logarithmic mean temperature difference (LMTD) is used in
the heat transfer calculation of the condenser surface area
rather than the direct estimated mean temperature difference.

The hot water heating load is estimated at the (HT)
condenser where adiabatic conditions were existed with the
help of eq. (10). The physical properties of water are
estimated at the mean bulk temperature to assess the flow
rate.
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Figure 5. Hot water/High temperature cycle condenser thermal variation.
3.6. Pumping Power

The hydraulic power is estimated from a head loss
downstream of the flow from:

Phyd‘raulic = Vl P gz/(3.6 X 106) (13)

The required value of the shaft power depends on the real
efficiency of the pump as:

P _ Phydraulic
shaft —

14
Npump ( )
Where (1pymp) represents the real pump efficiency which
is a combination from the pump efficiency and electric motor
efficiency. Its value is around (0.6-0.65) as a general design
value to be used for the power estimation.

4. Results and Discussion
4.1. Pump Power Assessment

The flow rates and pressure drops for different fluids
were estimated for the hypothetical heat pump plant at a
typical heat output. Accordingly, the power consumption by
pumps to circulate the thermal fluids was calculated. Table
2 shows a rough estimation for the power requirements to
extract (305) kW from the sea water and pumping it to the
condenser to produce approximately (500) kW heat pump
output load. It should be realized that the hot water power
consumption is considered only for the water that is
circulating through the heat pump. It does not include the
pumping power required for hot water through the piping
system to the consumers.

Table 2. A preliminary assessment for pumps power consumption to produce
(500) kW heat pump heating load output.

Parameter Sea Water Brine Hot Water
Heat Load, (kW) 305 305 500
Temperature Difference, (°C) 3 7 25
Specific Heat, (kJ/kg.°C) 4.002 3.726 42
Liquid Density, (kg/m®) 1028 1057 985.2
Flow Rate, (m*/hr) 89.1 39.9 18
Flow Velocity, (m/s) 1.9 23 2.3
Nomlnal Pipe Size ANSI Sch 40, 5/128.2 377.93 2/52.5
(in)/mm

Piping Length, (m) 200 50 50
Pressure Drop (Friction in pipes), 054 036 055
(bar)

Head Loss or Lift, (m) 10 10 10
Power (Friction Loss), (kW) 2.3 0.7 0.45
Power (Differential Head), (kW) 4.2 1.92 0.82
Total power, (kW) 6.5 2.6 1.3

The total pumping power consumed by flow circulation is
about (10.5) kW for all operating fluids. For design purposes,
it is used to employ a safety factor of about (20%) for power
consumption by pumps to compensate the uncertainty of
correlations for pressure loss estimation. Hence a minimum
value of (13) kW would be expected for pumps consumed
power at the postulated operating conditions. The pump
efficiency was assumed to be the same for all pumps as
(60%). The pressure drop should include any minor losses
such as fittings, valves, heat exchangers and any
instrumentation ports located in the flow direction. This is
expected to raise the head losses further and increases the
pumping power requirements considerably.

4.2. Thermodynamic Heat Pump Assessment

The thermodynamic analysis was carried out on four
refrigerant pairs, which have been believed to achieve the
best performance in agreement with previous studies
conducted by [4] and [10-12]. They are R410A/R134a,
R407C/R134a, R717/R134a and R717/R600a at the specified
operating condition stated in this work.

4.2.1. Power Consumption

Figure 6 illustrates the compressors power consumption of
the analyzed refrigerant pairs compared for both intermediate
temperatures. The general trend of power consumption shows
an increase with the decrease of LT evaporator and IT. The
highest thal,mmp was experienced when circulating the
R410A/R134a pair at IT of (33)°C. It was ranged between
(212) kW and (257) kW calculated at (-4)°C and (-15)°C LT
evaporator  temperature  respectively.  Whereas, the
R717/R600a system showed the lowest consumed power by
compressors at (35)°C IT, it was ranged between (181 and
220) kW for the whole range of LT evaporator temperature.
R410A/R134a refrigerant pair showed higher values than
those of the R717/R600a by (9-10)% and (10%) at
intermediate temperatures of (33)°C and (35)°C respectively
for the whole test range of LT evaporator temperatures.

At the same intermediate and LT evaporator temperatures,
R717 systems showed lower power consumption than the
R410A and R407C investigated systems. The higher IT
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(35)°C showed lower power consumption than that of (33)°C
for the whole range of test conditions. This was also

Compressors Power Consum
(5]
[
o

confirmed by a number of previous studies conducted by [4]
and [10-12].

—=&— R410A/R134a @ T_int=33 C
—i— R407C/R134a @ T_int=33 C
—+—R717/R134a @ T_int=33 C
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— m -R410A/R134a @ T_int=35C
— & -R407C/R134a @ T_int=35C
— B -R717/R134a @ T_int=35C
— B -R717/R600a @ T_int=35C
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Figure 6. Compressors power consumption comparison of the analyzed systems.

The results revealed that R717/R134a at (33)°C IT has
exhibited similar behavior and close numerical values to
those of the R410A/R134a and R407C/R134a systems at
IT of (35)°C. The higher power consumed by R410A or
R407C at the LT cycle has been offset by a lower power
consumption at the HT cycle by R134a at IT of (35)°C.
On the contrary, R717 consumed less power on the LT
cycle, but with higher power consumption on the R134a
HT cycle. Hence, the total power consumption was almost
equal in that sense. These discrepancies between the LT
and HT cycles are mainly due to the differences of
refrigerant flow rates and specific volumes of circulated
refrigerants.
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4.2.2. Heating Load Output
Ideal operating conditions for the heat pump states that the
heating output load at the HT condenser can be estimated from:

(15)

The heating load output of the test refrigerant pairs is
compared in Figure 7 for both intermediate temperatures and
its variation with LT evaporator temperature. Equation (15)
revealed that the highest heating output was observed when
circulating R410A/R134a refrigerant pair through the
Cascade heat pump. It is ranged between (503) kW and (544)
kW estimated at (-4)°C and (-15)°C LT evaporator
temperature respectively at (33)°C IT.

QHT,cund = QLT,evap + Wtotal,comp

—8— R410A/R134a @ T_int=33C
—te— R407C/R134a @ T_int=33 C
—— R717/R1342 @ T_int=33C
—&— R717/R600a @ T_int=33 C
= B -R410A/R134a @ T_int=35C
— o -R407C/R134a @ T_int=35C
= @ -R717/R134a @ T_int=35C
— @ -R717/R600a @ T_int=35C

Figure 7. Heat pump heating load comparison of different systems.

The lowest heating load output was experienced with
R717/R600a system at (35)°C IT due to the lowest
compressor power consumption as shown in Figure 6.
R410A/R134a system exhibited higher heating load than that
of R717/R600 one by (4 to 5)% for the whole range of LT

evaporator temperature and IT. R717/R600a system at
(33)°C IT revealed a closer trend to that of R407C/R134a at
(35)°C IT of the cascade heat exchanger.

4.2.3. Heat Pump Heating COP
The performance evaluation of the heat pump is inferred
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from the coefficient of performance COP. Applying eq. (7)
yields the results shown in Figure 8 for the whole range of
test operating conditions.

It is obvious that R717/R600a system possesses the highest
heating COP among the analyzed systems at (35)°C IT. It
was ranged between (2.3 and 2.6) calculated at (-15)°C and (-

2.7
2.6 9
2.5 9
2.4 4
23 o

2.2 o

Heat Pump Heating COP

2.1 9

2.0

4)°C respectively. It showed higher COP values than those of
the R410A/R134a by (5%) and (4.7%) at (33)°C and (35)°C
intermediate temperatures respectively. The lowest heating
COP was achieved by R410A/R134a system at (33)°C IT, it
fell within the range of (2.1 to 2.4) at the investigated
operating conditions.
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Figure 8. Heat pump heating COP comparison of different systems.

The data showed that the heating COP of the heat pump
increases proportionally with LT evaporator temperature and
IT increase. Again, R717/R600a at (33)°C system exhibited a
closer trend to that of the R407C/R134a and R410A/R134a
refrigerant pairs at (35)°C than other test systems.

The specific power consumption is defined as:

A 3.5

Prode = (16)

COPmode

It represents the power consumed in (kW) per (3.5) kW of
heating load produced from the Cascade heat pump system.
The subscript (mode) refers either to the heat pump or plant
operating conditions. Figure 9 shows a comparison of
PH.pump between the test refrigerant pair systems at both
intermediate temperatures.

The specific power consumed by the analyzed systems

1.7 «
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w
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eat Pump Specific Power Consumption (kW)
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showed lower values at (35)°C than those at (33)°C
intermediate temperatures for the whole test range.
R717/R600a system exhibited the minimum at (35)°C IT and
R410A/R134a system at (33)°C IT occupies the maximum
value among the test refrigerant. The respective COP values
were ranged between (1.3-1.5) kW for R717/R600a at (35)°C
IT and (1.5-1.65) kW for R410A/R134a estimated at (33)°C
IT for the whole investigated LT evaporator operating
conditions. The R717/R600a system at (33)°C IT exhibited
the same specific power consumption as those of the
R407C/R134a system and closer than other systems to
R410A/R134a at (35)°C IT. The rest of refrigerant pairs fell
within the maximum and minimum boundaries represented
by the numerical values of (1.3-1.65).

—=— R410A/R134a @ T_int=33C
—+— R407C/R134a @ T_int=33 C
—+—R717/R134a @ T_int=33 C
—o— R717/R600a @ T_int=33 C
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— & -R407C/R134a @ T_int=35C
- = -R717/R134a @ T_int=35C
— = -R717/R600a @ T_int=35C

Figure 9. Heat pump specific power consumption comparison of different systems.
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4.3. Thermodynamic Plant Assessment

In this category, other sources of power consumed by the
heat pump plant will be addressed and included for the
efficiency and performance evaluation purposes.

4.3.1. Plant Power Consumption

The total power consumption is mainly electricity that is
used to run compressors, pumps, control system and other
auxiliary power consuming functions. The major components
of these sources are compressors and pumps; these could be
assessed from the preliminary available information for the
heat pump objectives. The compressors power consumption
for a vapor compression refrigeration unit is estimated as a
part of the heat pump thermodynamic analysis. The pumps
power consumption is estimated from the knowledge of the
amount of heat extraction from the heat source, thermal fluid
heat carrier operating conditions and hot water demand.
Hence, this component could be accurately estimated for the
heating plant as shown in section (3.6) of this article. Figure

280 -
270 -
260 +
250 -
240 o
230 -
220 +

210 +

Plant Power Consumption (kW)

200 +

190 +

10 shows a comparison for the estimated plant power
consumption of the studied refrigerant pairs. The assessment
of the power consumption by the heating plant showed an
increase margin ranged between (5-7.5)% higher than that of
the base heat pump value.

The same behavior has been revealed as that of the heat
pump power consumption discussed above. The R410A/R134a
showed the highest power consumption and the R717/R600a
system consumed the lowest power to run the plant.

4.3.2. Plant Overall COP

Equation (9) is implemented for the system COP calculation
of the plant and comparison between different refrigerant pairs
will be considered. The heating load will remain constant and
unaltered under these conditions, but the total power
consumption increases and consequently the COP of the plan
will be reduced. The deviation percent of the power
consumption and plant heating COP are compared to the heat
pump parameters according to the following expressions:

—=— R410A/R134a @ T_int=33 C
—4— R407C/R134a @ T_int=33 C
—+—R717/R134a @ T_int=33C
—e— R717/R600a @ T_int=33C
— ® -R410A/R134a @ T_int=35C
— @ -R407C/R134a @ T_int=35C
— = -R717/R134a @ T_int=35C
— = -R717/R600a @ T_int=35C

Figure 10. Plant power consumption comparison of studied systems.

_ Ptotal,cons_ Wtotal,comp

EP—

And

COPH.pump_ COPplant

Wtotal,cump

a7

Ecop =

(18)

COPplant

Figure 11 illustrates the deviation percent £;op and its variation with refrigerant pairs and LT evaporator temperature. It is
obvious that the base heat pump heating COP exhibited higher numerical values than those of the plant COP in the range of (5-
7.5)%. The higher deviation has been shown at the higher LT evaporator and IT for R717/R600a system; it was ranged
between (6 and 7.5)% at IT of (35)°C. The lowest deviation was experienced for R410A/R134a and R407C/R134a systems at

(33)°C IT, it was ranged between (5 and 6)%.



COP Deviation (%)

Figure 12 shows a comparison of the plant COP for the
investigated refrigerant pairs. It is obvious that R717/R600a
system still possesses the highest heating COP among the
considered systems at (35)°C IT. It showed a range of (2.2
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mR410A/R134a @ T_int=33C
A R407C/R134a @ T_int=33C
+R717/R134a @ T_int=33C
@ R717/R600a @ T_int=33 C
mR410A/R134a @ T_int=35C
® R407C/R134a @ T_int=35C
mR717/R134a @ T_int=35C
mR717/R600a @ T_int=35C

Figure 11. The deviation percent of the heat pump heating COP from the plant COP.

—=— R410A/R134a @ T_int=33C
—i— R407C/R134a @ T_int=33 C
—+—R717/R134a @ T_int=33C
—o— R717/R600a @ T_int=33C
— m -R410A/R134a @ T_int=35C
— @ -R407C/R134a @ T_int=35C
— @ -R717/R134a @ T_int=35C
— @ -R717/R600a @ T int=35C

Figure 12. Plant heating COP comparison of different systems.

—@— R410A/R134a @ T_int=33C
—i— R407C/R134a @ T_int=33C
—4—R717/R134a @ T_int=33C
—e— R717/R600a @ T_int=33C
— - -R410A/R134a @ T_int=35C
— @ -R407C/R134a @ T_int=35C
- m -R717/R134a @ T_int=35C
- B -R717/R600a @ T int=35C

Figure 13. Plant specific power consumption comparison of different systems.
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and 2.4) calculated at (-15)°C and (-4)°C respectively. It was
higher than that of the R410A/R134a by (4.5%) and (4-5)%
at (33)°C and (35)°C intermediate temperatures respectively.
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The lowest heating COP was achieved by R410A/R134a
system at (33)°C IT, it fell within the range of (2 to 2.2) at
the test conditions. The data showed that the heating COP of
the plant increases with LT evaporator and IT increase.
Again, R717/R600a at (33)°C system exhibited a closer trend
to that of the R407C/R134a and R410A/R134a refrigerant
pairs at (35)°C than other analyzed systems.

The specific power consumption of the plant (Pplant)is
illustrated in Figure 13 with comparison for the implemented
refrigerant pairs at the studied operating conditions. The
minimum specific power consumption was revealed by
R717/R600a system at (35)°C IT and the highest was
possessed by R410A/R134a pair at (33)°C IT. Other
refrigerant pairs occupy the zone extended between these two
refrigerant systems.

It is clear that the power consumed by the plant is higher
than that used to run the heat pump itself alone by a range
fell within (5-7.5)% depending on the refrigerants circulated
and operating conditions. Hence, the heating COP varies
according to the power consumption; it is lower for the plant
than that of the heat pump alone where only the power

525
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425

375

325

Heating Load (kW)

275

225

consumed by compressors was implemented.

5. Closure Statement

The R410A/R134a and R717/R600a systems at (35)°C IT
were studied in a further detail for other extracted and heat
pump output loads to assess the pumping power. These
systems showed the lowest and highest plant COP when
compared to other systems at the same operating conditions.
Figure (14) was deduced from low temperature heat source
extracted loads of (150, 225, 275 and 305) kW at the LT cycle
evaporator. These values of pumping power consumption
exhibited a deviation of about (5-7.5)% higher than that
consumed by the compressors alone. The heating load output
depends on the circulated refrigerant pairs and operating
conditions. Hence, the data shown represent a rough estimate
for the purpose of the present conclusion in this statement. The
results of this study revealed that the power consumed by
pumps to circulate sea water, brine and hot water through heat
pump may account for (4-4.5)% of the load extracted.

16
A - 15
- 14
- 13

= &= Heating Load Output

+ Pumping Power

.-
(=]
Pumping Power (kW)

Poly. (Pumping Power)

Figure 14. Pumping power consumption and heating load output variation with extracted load from low temperature heat source.

The pumping power consumption variation revealed a polynomial equation with the extracted heat load at the LT evaporator

in the form:

. 2 .
Ptotal,shaft = 0.0003 (QLT,evap) —0.0733 (QLT,evap) +10.808

(19)

The pumping power variation with heating load output is illustrated in Figure 15. A polynomial behavior has been revealed

for the trend of power consumption in the form:

. 2 .
Ptotal,shaft = 0.0001 (QHT,cond) —0.0541 (QHT,cond) + 12.393

The results of this study revealed that the power consumed
by pumps to circulate sea water, brine and hot water through
heat pump may account for (2-3)% of the heating output
load.

These relations hold for the investigated operating conditions

(20)

range of fluids circulated through the heat pump plant.
Nevertheless, the actual value of power consumption could be
higher when the other pressure losses are accounted for in the
direction of flow such as fittings, valves, instrumentation devices
obstruction and control system consumed power.
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Figure 15. Pumping power consumption variation with heat output load.

6. Conclusions

A preliminary design of heating plant implementing a heat
pump technology has been accomplished where low
temperature heat source was considered. More accurate
performance method was postulated to evaluate the power
consumption to run a heat pump where pumping power
consumption was included. R717/R600a revealed the lowest
power and specific power consumptions and highest heat
pump and plant COP among the rest refrigerant pairs at
(35)°C IT. On the contrary, R410A/R134a showed the
highest power consumption, lowest plant and lowest heat
pump heating COP at (33)°C IT. The suggested assessment
technique showed that the heat pump heating COP was
higher than that of the plant one by a range of (5 to 7.5)%.
The specific power consumption of the plant was higher than
that of the heat pump by (5-7.5)%.

All of circulated refrigerant pairs exhibited higher heating

Nomenclature
Parameter Definition
COP Coefficient of performance, (---)
cp Fluid specific heat, (kJ/kg°C)
d Diameter, (mm)
F Coefficient of friction, (---)
g Gravitational acceleration, (m/s’)
GwpP Global warming potential of refrigerant
h Fluid enthalpy, (kJ/kg)
T Intermediate temperature, (°C) or (K)
L Pipe length, (m)
LMTD Logarithmic mean temperature difference, (K)
m Fluid mass flow rate, (kg/s)
ODP Ozone depletion potential of refrigerant

COP at (35)°C IT than that of (33)°C one when are operating
under the same conditions. The trend of heating COP showed
an increase with intermediate and LT evaporator
temperatures increase. The results showed that the power
consumed by pumps to circulate sea water, brine and hot
water through heat pump may account for (4-4.5)% and (2-
3)% of the extracted and output loads of the heat pump
respectively. Higher values of power consumption are
expected when other pressure losses in the flow direction are
taken into consideration.
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Subscripts

cascade Cascade heat exchanger
comp Compressor

cond Condenser

cons Consumed

evap Evaporator

H. Pump Heat pump

HT High temperature cycle
i Inner

T Intermediate Temperature
/ Liquid

LT Low temperature cycle
mode Type of system
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Ap Pressure drop in eq. (11), (Pa)
P Power consumption, (kW)
P Specific power consumption, (kW)
0 Heat load, (kW)
sg Specific gravity, (---)
T Temperature, (°C) or (K)
AT Temperature difference, (°C) or (K)
Vv Fluid velocity, (m/s)
4 Fluid volumetric flow rate, (m*/hr)
|14 Compressor power consumption
|14 Specific power consumption, (kW)
Z Differential pumping head, (m)
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