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Heating sector is one of the key emitters of greenhouse gases, and thus innovations are
needed to improve the energy efficiency of heating technologies. In this paper, a recently
proposed gas powered heating system that integrates an Organic Rankine Cycle (ORC)
with a heat pump has been further investigated. Two different designs of the combined
system were modeled, and their performances were compared and analyzed. In the first
design, the cold water is firstly heated in the heat pump condenser and then further
heated in the ORC condenser to achieve the required final temperature. In the second
design, the water is firstly heated in the ORC condenser and then further heated in the
heat pump condenser. The results showed that the first design can achieve better overall
fuel-to-heat efficiency. Using Aspen Plus, a dynamic model has then been developed to
study the optimal control strategies for this design when ambient conditions change. The
results revealed that, for the ambient temperature range of 7-15°C, increasing air mass
flow rate is sufficient to maintain the overall system performance. While when ambient
temperature is below 7°C, more heat is required from the gas burner that would reduce
the fuel-to-heat efficiency.

Keywords: heat pump, Organic Rankine Cycle, combined cycles, control strategy, dynamic modeling

INTRODUCTION

Heating sector is one of the key emitters of greenhouse gas in countries with cold climate
conditions. Taking UK as an example, heating accounts for around 50% of its total energy
consumption and contributes to approximately one third of its carbon emissions (UK Government,
2009). Gas boilers are the most common appliances for providing domestic hot water and space
heating. Heat pumps are believed to be the key technology for decarbonizing heating sector. Small
scale air source heat pumps (ASHP) are attractive for heating at household levels. Although air
source heat pumps are relatively mature, they are not installed as widely as expected.

For air source heat pump, the operation parameters and control strategy are still the main
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focus for performance improvement. Fischer et al. (2017) discussed the effect of different control
strategies and boundary conditions on the performance of heat pumps and recommended the
trade-oft between system complexity and performance. A self-optimizing control scheme was
proposed by Hu et al. (2015) to improve the system performance of the air source heat pump by
using the extreme seeding control strategy, which is adopted to match the varying in boundary
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parameters and the operation condition. Gupta and Irving
(2013) developed a model responsive to variations in source
and sink temperatures and the study showed correct response
to changes in ambient temperatures. These researches attempted
to use the control strategy to make the system operated at the
optimal condition.

There are still several challenges that hinder the wide uptake
of air source heat pumps, one of which is their low performance
in winter due to the high temperature difference between the
evaporation and condensation processes (Villarino et al., 2017).
To overcome this challenge, some researchers have proposed
a hybrid system. Performance improvement, flexible operation
of hybrid systems, and low capital and operating costs are
necessary to ensure heating technologies are attractive to end
users (He et al.,, 2017). Li (2018) has proposed a hybrid heating
system combining a heat pump with a gas fired water heater.
The results showed that the control strategy adopted in the
parallel loop hybrid system has the potential to improve the
economic benefit by 10-60% when the system operates with the
ambient temperature range from —12 to 20°C. While in a further
study, Li and Du (2018) proposed an alternative control strategy
which could reduce energy cost by 10-23% when the ambient
temperature is between 0 to 12°C.

In recent years, more and more attention has been paid to
heating technologies that recover waste heat to improve energy
efficiency when fossil fuel is used. For instance, it is proposed
to use an internal combustion engine to directly drive a vapor
compression cycle heat pump, and the waste heat rejected by the
engine is recovered to improve the overall energy efficiency. Yang
et al. (2013) developed and demonstrated such a system for hot
water production applications. Hu et al. (2017) also investigated a
similar system for space heating. The engine’s exhaust gases were
mixed with ambient air as the heat source for the evaporator of
the heat pump. Liu et al. (2017, 2018) design and experimentally
test a prototype for domestic water application.

Another attractive waste heat recovery system that has been
widely investigated in the literature is the Organic Rankine Cycle
(ORC). The ORC cycle has the ability to recover low grade
waste heat and converted it into useful mechanical power. It
also allows the production of high-pressure superheat vapor
that can be used to generate electrical and/or thermal energy if
designed for cogeneration. Various heat sources can be used for
an ORC cycle such as heat from fossil fuel burning, industrial
waste heat and solar thermal energy (Dirker et al., 2019).
Markides (2015) conducted a study on an ORC cycle for utilizing
solar energy from non-concentrated and low concentrated solar
collector and aims to produce a power output from 1 kW to 1
MW. The study support that the system performance is highly
dependent on the geographic location, diurnal and seasonal
variation. For a weather with high cloud coverage like the
UK, the author suggested using thermal storage unit with the
associated consequence of operating cost. Castelli et al. (2019)
carried a thermoeconomic analysis of an ORC cycle design
for waste heat recovery from Aluminum production factory. A
comparison study of various pure and zeotropic working fluids
was also conducted. The results show that a cycle with pure
HFE-347mcc has the highest exergy efliciency of around 85%.

While for mixed refrigerant, isobutane-isopentane shows high
exergy efficiency which can lead increase the net electrical power
output by 3.3% compared to pure fluids. From the economic
perspective, RE347mcc is the best across the selected range of
electricity price. Another optimization study of an ORC cycle
was conducted in terms of working fluids, operating conditions,
cycle configuration and their effects on turbine performance
(White and Sayma, 2019). The results show that for a model
with variable expander efficiency, the predicted output power
decline with the rise in heat source temperature. The average
reduction in power noted in subcritical and transcritical cycle is
13.2 and 11.5% compared to optimal cycle with fixed expander
efficiency. In addition, a transcritical cycle can generate 2.1-7.8%
more power than subcritical cycle however, subcritical cycle is
favorable economically as it has smaller heat exchanger areas.

Zhao et al. (2017) presented a combined heat and power
(CHP) system with waste heat recovery. The proposed system
used an absorption HP system to reduce the return water
temperature for further heat recovery and enhance the overall
system thermal efficiency. Furthermore, the new system layout
was compared with the traditional gas boiler district heating
system, and the results showed that the new technology could
reduce the flue gas temperature to 11°C. As a result, the energy
consumption is reduced by 6% and the HP has achieved a COP
of 25 which can be consider a significant improvement compared
with the electrical HP.

Eisavi et al. (2018) carried out energy and exergy analysis on
a solar driven combined heat and power system. The objective
was to produce mechanical power using an ORC cycle, as well
as heating and cooling using a lithium bromide-water absorption
refrigeration system. In their absorption HP cycle, double effect
absorption chiller was adopted and the results were compared
with a similar CHP system having single effect absorption chiller.
The results showed that the cooling capacity could be increased
by 48.5% when using the double effect absorption chiller instead
of the single mode with the same amount of heat consumed.

Our previous work (Liang et al., 2018) has proposed and
studied a gas fuelled water heater that integrates an ORC cycle
and HP cycle. It consists of a gas burner, an Organic Rankine
Cycle (ORC) power generator, and an air source heat pump
cycle. In this paper, we will further the thermodynamic analysis
to understand the design strategies and operational principles
of such integrated energy system. A comprehensive numerical
research is carried out to simulate and compare different system
configurations in order to identify the best system configuration.
Dynamic models using Aspen Plus are then developed to
study the control strategies to operate the system when the
ambient conditions changes, in order to maintain a stable system
performance and keep the heat pump evaporator frost-free.

THE THERMODYNAMIC CONCEPTS

Essentially, the proposed system consists of a gas burner, a power
generation cycle, and a heat pump cycle. The thermal energy
generated from combustion of natural gas in the burner is used to
drive an ORC and the mechanical power generated is then used to
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directly drive a vapor compression cycle heat pump. Ambient air
stream and the flue gases are mixed to be used as the heat source
for the heat pump.

The thermal energy released from the condensers of both
cycles is used to heat cold tap water to the required temperature.
Thermodynamically speaking, a low condensation temperature
is preferred for the ORC power generation cycle to improve
it thermal efficiency, and thus to generate more power. In
the meantime, the HP cycle also prefers a lower condensation
temperature (essentially a low temperature lift between he
evaporator and condenser) to improve its COP. Hence, there
needs to be a careful trade-off between these two competing
requirements. As a result, there are two possible strategies to heat
the cold tap water from at 10°C to the required temperature 65°C.

In the first design, as shown in Figure 1A, the cold tap
water is firstly heated in the heat pump condenser, and then
further heated in the ORC condenser to reach the final required
temperature 65°C. In this way, we can keep the condensation
temperature of the heat pump cycle as low as possible to
improve its COP. However, this will then cause a much higher
condensation temperature for the ORC cycle, decreasing its
thermal efficiency.

In the second design, as shown in Figure 1B, the cold tap
water is firstly heated in the ORC condenser and then further
heated by the heat pump condenser. In this way, we will
have a lower condensation temperature for the ORC power
cycle, leading to a higher thermal efficiency. However, this
design requires the heat pump cycle to operate with a much
higher condensation temperature, leading to a lower COP. It
is therefore interesting to compare the performance of these
different design strategies.

Follow our previous work (Liang et al., 2018), the refrigerant
used in ORC was R245fa while R134a was adopted in the
HP cycle. The first design as shown in Figure 1A is taken
as example to produce the corresponding Temperature—
specific entropy (T-s) diagrams for further thermodynamic
analysis. Figures 2A,B show the T-s diagram of the ORC
and Heat Pump cycles, respectively. For both HP and ORC
cycles, each thermodynamic process (evaporation, condensation,

compression, and expansion) is denoted by the inlet and outlet
refrigerant state. For example, HP1 represents R134a state at
HP compressor inlet and HP1-HP2 represents the compression
process. While ORC1-ORC2 represents the expansion process in
the ORC expander, and so on.

MATHEMATICAL MODEL, WORKING
CONDITIONS, AND ASSUMPTIONS

An in-house MATLAB code is developed, and the steady state
simulations were compared with the results obtained using an
ASPEN plus model as a bench mark. In both models, the
database REFPROP (Lemmon and McLinden, 2013) was used
to provide the thermophysical properties of working fluid. Some
assumptions are listed as the following:

e Air consists of 79% nitrogen and 21% oxygen by volume.

e Variable isentropic efficiency correlations of the HP
compressor and ORC expander are adopted from the
literature (Brandon et al., 2012; Declaye et al., 2013). While a
constant isentropic efficiency of 90% is assumed for the liquid
pump of the ORC cycle.

e The HP compressor is driven by the ORC expander through a
common shaft, and the mechanical losses are neglected.

e Heat loss and pressure losses in all heat exchangers and pipes
are neglected.

e ORC is operated under a pressure closed to the critical point
of the working fluid (Al-Tameemi et al., 2019).

e A superheat degree of 5°C is assumed at the inlet of the
expander of ORC.

e Assume a HP evaporation temperature of 2.5°C and a
corresponding pressure of 3.2 bar, which can ensure a
minimum pinch point temperature difference of 3°C and
maintain evaporator outlet temperature around 5.5°C to avoid
frost formation on the evaporator surface (Vocale et al., 2014).

e Pinch point temperature difference is 3°C in both HP and
ORC condensers (Ju et al., 2018).

e Cold tap water is heated from 10 to 65°C.

e The output heating capacity of the system is set to be 20 kW.
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FIGURE 1 | Schematic diagram of two designs. (A) The first design of the combined system. (B) The second design of the combined system.
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FIGURE 2 | T-s diagrams for two subcycles. (A) T-s diagram for HP cycle (using R134a). (B) T-s diagram for ORC cycle (using R245fa).
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Steady State Modeling

The energy conservation equation in the burner is:
Qf -0 -0 -
—~ = n.(hs —AR) =) ni(h; — Ah) (1)
iy = 2 (= am) = 3 (B — AF)

The heat transfer in the HP evaporator can be calculated as:

Tinix,0UT) + exh X Cpexh X (2)

(Texnh — Tmixour) = fitg 3, ¥ (hup1 — hips)

g x Cpa X (Tam —

The total heat transferred in the HP condenser is calculated as:

ity X Cpy X (Tyour,zp — TwiN,HP) = tR134a X (hep2 — haps) (3)

The thermal energy generated by the gas burner is used to
evaporate R24fa in the ORC evaporator.

Qorc.ev = tity X (h,, — heomp) = Mroasia X (horci — horca)  (4)

The ORC thermal efficiency is defined as the ratio of the net
power output (i.e., the difference between the mechanical power
produced by expander and the electrical work consumed by the
pump) over the total heat absorbed by the ORC evaporator:

QoRrCeo = MRaasfa X (horcz — hores) =ty X Cpy X (5)
(Tw,exit - Tw,OUT,HP)

The coefficient of performance (COPy) of heat pump cycle is
defined as the ratio between the heat rejected by the condenser
over the work consumed by the compressor.

The fuel-to-heat efficiency of the integrated system is then
defined as:
Y

_ QHP,co + QORC,CU
Qe Qe

(6)

Nfuel—to—heat =

The total heat released from the gas burner Qg is calculated as:

Qg = mfuel x Quy x Ncomb (7)

The heating value of methane is assumed to be 55.5kJ/kg and
combustion efficiency is assumed as 100%.
The required evaporator area is calculated as:

QHP—evap
Areaevap = U % F « (AT]*ATz) (8)
1n(§—%)

The overall heat transfer coefficient is assumed as a constant value
of U = 0.85 kW/m?2-°C, and constant correction factor of F =
1. AT represents the temperature difference between the hot
and cold streams at the evaporator outlet. While AT, refers to
the temperature difference of the hot and cold streams on the
evaporator inlet.

Dynamic Modeling

In addition to the steady models, a dynamic model has also been
developed using Aspen Plus to investigate the control strategy for
operating the system when the ambient temperature varies. For
simplification, only dynamic conservation equation for mass for
working fluid is adopted in this model. The linear form of the
mass balance equation:

m=pxVxA 9)
The partial differential form of Equation (9) is:

am  0Ap
— 4+ —=0 10
a0z + at (10)

Equation (10) can be simplified to Ordinary Differential
Equations (Chen and Yu, 2018):

- mout (11)
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This equation can be applied for both evaporator and
expansion valve.

Modeling the PID Controller

du B k. dy
i Upias + ke E () + T /E(t) dt — k. Tp I (12)

Where
%, controller output (refrigerant mass flow kg/s)
Upigs, Tefrigerant mass flow at steady state
ke, controller gain (it is set to 5 for this case)

E(t), controller error (it is equal to set
process variable)
Ty, controller reset time (it is set to 20 s for this case)

Tp, controller derivative time (it is set to 1 min for this case).

point—

RESULTS AND DISCUSSION

Comparison Between Two Designs

The First Design: Water Heated by HP Cycle First

The optimization procedure for the combined system has
been carried out for the first design. It is widely cited
in the literature that reducing the pinch point temperature
difference (PPTD) across a heat exchanger can improve cycle
efficiency performance. The PPTD approach has been adopted to
optimize heat transfer across cycles’ heat exchangers during the
simulation process.

In this research, a minimum PPTD of 3°C across HP
condenser and evaporator as well as ORC condenser, while
the minimum PPTD for the ORC evaporator is set to 30°C.
Furthermore, water temperature at the HP condenser outlet has
been adjusted to identify the optimal value.

Figure 3 shows the variation in the work of the HP
compressor and COP} due to the changes in the water
temperature leaving the first heating stage (i.e., HP condenser).
The condensation pressure increases as Ty_exit—Hp increases,
leading to steady increase in the compressor work which
consequently reduces the heating coefficient of performance of
the HP cycle (COPy,).

Figure 4 shows the variation of working fluid mass flow rate
in both cycles when changing the water temperature at the exit
of the HP condenser. The results show that the R134a mass flow
rate increases linearly. This can be attributed to the increase of
the Ty—_exit—pp and the enthalpies at both the HP condenser inlet
(hpp2) and outlet (hyps3), as shown in Equation (3). Meanwhile,
the condensation pressure of ORC needs to be increased to
maintain the minimum pinch point across it, as a result, the
mass flow rate of R245fa increases rapidly. It is worth noting that,
due to the direct coupling between the HP compressor and ORC
expander, the expander power production will always be the same
as work demand of the HP cycle. This imposes an extra boundary
condition for the modeling of the overall system.

The effects of the water temperature Ty_exii—gp on the
ORC condenser pressure and thermal efficiency are shown in
Figure 5. It can be noticed that higher ORC condenser pressure
is required to maintain the minimum pinch point temperature

as the water temperature entering the ORC condenser increases.
The thermal efficiency of ORC is defined as the net power output
divided by the heat energy input. As the condensation pressure
is higher, the enthalpy difference between the expander inlet
and outlet becomes smaller, the working fluid per unit absorbs
less energy during the evaporation process although the power
output is also decreases. In that case, the outlet temperature
of the exhaust gas becomes higher for a fixed PPTD. In other
way, less energy will be recycled by the ORC. However, for a
given evaporation temperature, the enthalpy drop across the
expander become smaller, but the average temperature across the
expander becomes higher. Therefore, the increase in the ORC
condensation pressure under constant evaporation pressure will
enhance the ORC thermal efficiency.

As shown in Figure 6, the total heat added to water and hence
the final water temperature at the outlet of ORC condenser are
expected to increase, because both condenser pressure and mass

1.7 T T T T T T T T T T T 7.0

=— Wcomp -
—*— COPh

6.8

*. L

N
g N, 6.0

Compressor work in kW
!
YJOD dduewiojiad Jo Jualorja0d Juneapy

30 31 32 33 34 35

Water temperature at HP condenser exit in °C
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flow for both cycles increase with the increase in the Ty _exit—Hp
as shown in Figures 4, 5.

TABLE 1 | Combined cycle parameters by ASPEN and MATLAB code.

HP cycle ORC cycle

MATLAB code ASPEN MATLAB code ASPEN

Condenser heat duty, kW 8.2125 8.044 11.9771 12.099
Water temperature 32.5 32.1 65.3 65.3
leaving the cycle, °C

Evaporator heat duty, KW 6.8853 6.744 13.131 13.221
Condensation 33 33 61 64
temperature, °C
Condensation pressure, 8.3878 8.388 4.7689 52
bar

Evaporation temperature, 2.5 2.5 159 159
°C

Evaporation pressure,
bar

3.2026 3.203 36.5 36.5

Power produced by 1.3272 1.3 - -

expander of ORC, kW

Power input to the - -
compressor of HP, kW

1.83272 1.3

The work of liquid pump, - - 0.1733 0.178

KW
Cycle mass flow rate,
kg/s

0.0447 0.0438 0.0609 0.0625

Figure 7 shows the variations in the fuel-to-heat efficiency and
methane mass flow rate when Ty _exit—np varies. The fuel-to-heat
efficiency is the ratio of total thermal energy absorbed by water
in both HP and ORC condensers to the total heat released from
the combustion of methane. The fuel-to-heat efficiency increases
initially, reaching the highest value of around 135% when the
water temperature at HP condenser exit is around 31.5°C. It then
declines gradually to reach 131.8% at a temperature of 35°C. With
the initial rise in the water temperature, there is linear increase
in both ORC thermal efficiency and R245fa mass flow as shown
in Figures 4, 5. However, when the Ty,_eit—Hp is above around
32°C, the rate of increment in the ORC efficiency declines with
an opposite trend noted in the ORC mass flow. The increment in
the ORC mass flow will require higher methane mass flow rate
to evaporate the working fluid. This consequentially reduces the
fuel-to-heat efficiency.

The optimum performance at the state steady conditions
from the above optimization procedure has been compared with
an ASPEN PLUS model. The details of the comparison are
shown in Tables 1, 2. The results are obtained when the system
present a highest fuel-to-heat efficiency, which demonstrate a
good agreement between these two models, so that we use the
present model to further investigate the proposed system.

The Second Design: Water Heated by ORC Cycle
First

In this approach, the water is heated by ORC-Condenser and
HP-condenser in series as shown in Figure 1B. Generally, the
modeling procedure and assumptions are the same as the
previous model. In addition, the condenser pressure for both
cycles are iterated until the water temperature at HP cycle outlet
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TABLE 2 | Cycle efficiency and gas burner design parameters.

TABLE 4 | Combined cycle performance for second layout.

MATLAB code ASPEN Parameters ORC first

Heating coefficient of performance COPy, 6.1877 6.1879 Heating coefficient of performance COPy 2.91
ORC thermal efficiency, % 8.7877 8.488 ORC thermal efficiency 11.832
Total heating capacity, kW 20.1896 20.1428 Total heating capacity, KW 20.282
Fuel to heat efficiency, % 134.7423 132.5 Fuel to heat efficiency, % 111.540669
ORC expander isentropic efficiency - 0.6122 - CH4 mass flow kg/s 0.00032763
HP compressor isentropic efficiency - 0.6731 - Total heat released from CH4 combustion, KW 18.183
Mass flow rate of methane, kg/s 2.6998 e-04 2.7392 e-04
Exhaust outlet temperature, °C 92.6 95.9
TABLE 3 | Steady state result for the second approach. I:?:I T
Parameters HP cycle ORC cycle T Evaporbr \ﬂ‘rﬂ'
Condenser heat duty, kW 6.109 14173
Water temperature leaving the cycle, °C 65.73 48.95
Evaporator heat duty, kW 4 16.1
Condensation temperature, °C 66.36 46.45 B o
Condensation pressure, bar 19.5 3 |:(E
Evaporation temperature, °C 2.5 159
Evaporation pressure, bar 3.203 36.5
Power produced by the expander of ORC, kW - 2.1
Power input to the compressor of HP, kW 21 -

o FIGURE 8 | Schematic diagram of the dynamic model for control strategy one.
The work of liquid pump, kW - 0.198

reaches the required value. Furthermore, the ORC mass flow
rate is increased gradually until the total heating capacity of the
combined cycle is equal to 20 kW. A summary of simulation
results for approach two is presented in Tables 3, 4.

From the above results, both layouts can produce the required
thermal energy of 20 kW to heat water from 10 to 65°C.
Although both approaches have achieved nearly equal overall
heating duties, the first layout has higher overall fuel-to-heat
efficiency (135%) than the second design (111%). This is because
the HP heating coefficient of performance has declined by 47%
despite the increase in the ORC efficiency by 21% achieved in
the second approach. Furthermore, more methane is required in
the second approach to achieve required thermal energy in the
ORC evaporator.

Control Strategies for Varying Ambient

Temperature

Over the course of the year, the ambient air temperature varies
considerably. For instance, the average air temperature in the
UK ranges between 5 and 15°C but would drop to below zero
in some winter days. Variation in ambient temperature is one
of the main factors that affect the performance of air-sourced
heat pump system. It is therefore essential to investigate control
strategies that can tackle such variation. In this section, the first
design has been used as example to develop the required control
strategies to operate the system when ambient conditions change.

The First Control Strategy

To improve heat extraction when air temperature declines, the
air mass flow of ambient is adjusted accordingly. However,
this strategy is only sufficient for certain temperature range. In
this approach, the air mass flow rate is initially iterated under
constant HP evaporator areas which is calculated using Equation
(8). Other design parameters were obtained from Tables 1-3.

A dynamic model has been developed by using ASPEN PLUS.
Figure 8 shows the schematic diagram of the dynamic model
for control strategy one. PID controller (B1) locates between the
mixer inlet and evaporator outlet. The PID controller output
(OP) is the ambient air mass flow rate in kg/s, while process
variable (PV) is the temperature of the mixture leaving the
evaporator. The set point (ST) is constant at 5.5°C to avoid frost
formation on the evaporator. The tuning parameters for the PID
controller are set as controller gain of 1% and the integral time
at 5min under reverse control action. This setting can ensure
gradual distribution of the ambient temperature over a half day
course with the highest temperature assumed to occur at mid-day
as shown in Figure 9A.

Figure 9B shows the PID performance when ambient air
temperature varies from 6 to 15°C. It shows that the controller
has maintained the evaporator outlet temperature at 5.5°C (black
straight line) by adjusting air mass flow rate (green curve). As the
air temperature drops, the controller has increased air mass flow
rate to absorb more heat for the heat pump evaporator. However,
when the ambient air temperature approaches 6°C, air mass flow
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FIGURE 9 | Variation of different operation parameters. (A) The variation of the ambient air temperature over the time lapse. (B) PID controller performance for ambient
temperature range 6-15°C. (C) The variation in evaporator cooling capacity over the time lapse. (D) The variation in suction line temperature over the time lapse.

rate increases significantly to ~12 kg/s and the evaporator outlet
temperature drops slightly to below 5.5°C.

Figure 9C shows the effect of varying air mass flow rate on
the HP evaporator duty. As the air mass increases from 0.7 to 11
kg/s, the heat duty of evaporator declines to below 7 kW. Further
increase in air mass flow rate has a minor effect on this parameter,
which remains nearly constant at 6.8 kW.

Similar results have been shown in the literature Chen and
Yu (2018) for an air source heat pump water heater. The
dynamic modeling results reveal that increasing air velocity
of the evaporator unit always enhances the overall cycle
performance. However, this advantage is reduced as the air
velocity exceeds 3 m/s.

The heat pump condenser heating duty declines in a similar
manner to the evaporator thermal duty. This is because HP
condenser heating duty is the sum of HP evaporator thermal
duty and the compressor power consumption which is assumed
to be constant. Likewise, the superheat degree of the refrigerant
at the evaporator exit declines gradually as air mass flow
increases. Figure 9D shows the changes in R134a temperature
in the suction line when ambient air temperature varies. As the
air temperature drops toward 6°C, the refrigerant temperature
declines from 15°C to below 7°C.

The Second Control Strategy
As shown in the above results, when air temperature drops to
6°C, thermal energy available in the ambient air is insufficient

sucon
evaportor

FIGURE 10 | Schematic diagram of the dynamic model for control strategy
two.

even when the mass flow increased. Thus, another control
strategy is proposed when air temperature drops to 6°C or even
lower temperature. In this strategy, the mixture of ambient air
stream and flue gas is suspended and the gas burner flue gas
stream is used as the only heat source for the evaporator.

In this model, the PID controller locates between the methane
stream and evaporator outlet stream to maintained constant
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FIGURE 11 | Operating parameters in response to the changing ambient temperature. (A) 15 PID controller performance for ambient temperature range —5 to 5°C.
(B) The variation of the ambient air temperature over the time lapse. (C) The variation in burner exhaust temperature over the time lapse.

outlet temperature of 5.5°C by adjusting methane mass flow rate.
The schematic diagram of this model is shown in Figure 10.

Figure 11A shows the PID controller performance for
the second control strategy. With the drop in ambient air
temperature (Figure 11B), the PID controller responds to these
changes by increasing the CH4 mass flow rate (OP) to maintain
evaporator outlet temperature (PV) close to the 5.5°C (ST). The
corresponding changes in exhaust temperature when ambient
temperature and methane mass flow changes over time are shown
in Figure 11C.

CONCLUSION

In this paper, we furthered the thermodynamic analysis of
thermally powered heat pump system that integrates an ORC
power cycle with a heat pump cycle. In this concept, cold tap
water is heated by both the condensers of the ORC power
cycle and the heat pump cycle. Two different designs have been
modeled and analyzed to identify the best system configuration.
In the first design, the cold water was firstly heated by the
condenser of heat pump cycle, and then further heated by
the condenser of the ORC power cycle. As such, the heat
pump can achieve a higher COP, but the ORC power cycle
will have a lower thermal efficiency. In the second design, the
cold water is firstly heated by the condenser of the ORC power

cycle, and then further heated by the condenser of the heat
pump cycle. As such, the ORC power cycle can achieve higher
thermal efficiency, but the heat pump COP is much lower. The
comparison indicates that the first design has much better overall
fuel-to-heat efficiency, showing that the performance of the heat
pump has stronger impact on the overall system performance.

Based on the first design, dynamic models have then been
developed using Aspen plus to investigate the control strategies
for operating the integrated system when the ambient conditions
vary, in order to achieve the optimal energy efficiency and
maintain the HP evaporator frost free in the meantime. The
results show that, as ambient temperature drops from 15 to 7°C,
increasing air mass flow rate to the HP evaporator is enough to
maintain ensure the combined system to produce the required
heat at the require temperature. When ambient temperature
drops to below 7°C, the extraction of thermal energy from
ambient air will be insufficient to provide the required thermal
load for the heat pump evaporator despite increasing the mass
flow rate of ambient air flow. Under this condition, in order
to avoid frost formation in the HP evaporator, the ambient air
stream needs to be switched off, and the heat production by
the gas burner needs to be increased to provide the required
heat production.

The process of construction the experimental rig is already
in progress. After that, the experimental results will be used
to validate the concept of integration of ORC and heat pump

Frontiers in Energy Research | www.frontiersin.org 9

November 2019 | Volume 7 | Article 131


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Al-Tameemi et al.

ORC Coupling With Heat Pump

and modify model. The performance of such a combined
thermodynamic cycles will be evaluated and compared with the
conventional heat pump.
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