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Abstract: Decarbonization of building heating is the key to carbon neutrality. Heat pumps have great potential to
replace non-renewable heating devices, thus creating economic and renewable heating systems. To overcome the
application challenges of conventional heat pumps (HP), a novel dual-source heat pump (DSHP) heating system
and corresponding model are proposed in this paper. Simulated by the validated experiment-based model, the
performance of the DSHP heating system is numerically investigated by comparing with different systems in
various regions. The results show that the DSHP system has higher seasonal performance factors and near-zero
defrosting costs when compared to the conventional HP heating system in different regions, resulting in 1.88%-
21.53% reductions in annual heating bills and carbon emissions. Compared to the gas boiler heating system, the
DSHP system can achieve 20.64%-54.36% of annual heating bill savings and 14.39%-86.09% of annual carbon
reductions in selected regions. The investigation of heating characteristics and eco-economic performance of the
DSHP system in different regions provided important guiding significance for the DSHP in global application, and
thus contributes to achieving bill-saving and low-carbon heating and sustainable development.
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Heat capacity (kW)
Heating amount (kWh)
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Energy consumption (kWh)
Heating load (kWh)
Time spent (h)
Defrosting time ratio (%)
Temperature (°C)
Heating bill (£)
Carbon emissions (kgCOze)
Energy price (E/kWh)
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Refrigerant mass flow rate (kg/s)
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Abbreviations

cop
scop
SPF
HP
GB
MVHR
DSHP

Coefficient of performance

Seasonal coefficient of performance
Seasonal performance factor
Conventional heat pump

Gas boiler

Mechanical ventilation heat recovery unit
Double-source heat pump




1. Introduction

Carbon reduction is the top priority in to fight against climate change. Global energy structure is moving away
from fossil fuel, shifting to renewable and eco-friendly energy. From 2010 onwards, the electricity share in final
energy consumption has been increasing from 18% to 20% in 2018, while renewable proportion, such as solar,
wind and biomass energy, raised from 20% to 25%. The 2050 roadmap of the International Energy Agency
indicated that the energy transformation must accelerate, reaching 49% and 86% in electricity and renewable
energy share in 2050, respectively [1]. Building energy consumption represents 46% of global final energy
consumption. However, building heating, which is the greatest consumer of building energy, still highly relies on
fossil energy, nowadays, contributing to 40% of global carbon emissions.

Building heating in the world is still ruled by fossil fuels. The stable heating performance and low energy prices of
fossil fuels make gas boilers to be widely applied in the past century. At present, the growing development in
carbon reduction, new energy policies and energy-efficient tendencies have accelerated the de-gas boiler process.
Renewable heating devices, e.g., heat pumps, are increasingly popular among researchers and manufacturers led
by governments. Net zero carbon building heating has tended to be the most essential technology for carbon
neutrality. In the UK, the government came up with a series of plans to reduce carbon emissions and reach carbon
net zero by 2050, which underlined the importance of building heating decarbonization and targeted installing
600,000 heat pumps a year by 2028 [2]. In China, the State Council recommended the cost-effective and
renewable heat pump product for fossil boilers replacement in the Air Pollution Prevention and Control Action
Plan, and the energy-saving production market subsidy scheme included the heat pump in the subsidy range with
10% of the retail price grant. The Chinese heat pump market will grow rapidly by over 200% in the next 5 years
[3]. The European Commission signed up the REPowerEU plan in 2022 to set up an ambitious target in heat pump
deployment, which aims to install 20 million heat pumps in 2026 and increase to 60 million in 2030, which will
double the heat pump deployment speed [4].

In such a global policy environment, and as the share of renewable energy in the power sector has been increasing
in recent years, air source heat pump (ASHP), as a kind of electricity-efficient device, is coming to be realized as
the best alternative to gas boiler for heating decarbonization. However, compared with the traditional gas boiler
(GB) heating system, the conventional ASHP heating system has obvious disadvantages obstructing its wide
deployment.

(1) The heating capacity of the conventional ASHP heating system is severely impacted by the heat source
temperature, dramatically decreasing as outdoor air temperature decreases, as does system efficiency [5].
Thus, the conventional ASHP heating system has poorer average efficiency and higher heating bill than that
of the traditional GB heating system.

(2) The low water supply temperature of the conventional ASHP system requires a high cost of retrofitting in the
heat terminals to increase the heating supply ability when substituting the traditional GB heating system. But,
increasing the water supply temperature of conventional ASHP systems will result in large temperature
differences between the heat source and the heat supply, leading to reduced heating capacity, increased
power consumption and even destruction of the lifetime.

(3) The conventional ASHP system has severe frosting and defrosting problems that the traditional GB heating
system does not. The outdoor heat exchanger of ASHP will form ice on the surface and defrost at the
conditions of outdoor temperatures ranging from -7 °C to 5 °C, deteriorating the system efficiency and
increasing heating bills [6].

Under the current global carbon-neutrality targets, there is an urgent need to address the obstacles to accelerate the
adoption of heat pumps. A large number of investigations were conducted to optimize refrigerant circuits or
introduce additional heat sources for better ASHP performance and wider deployment range.

Regarding the optimization of refrigerant circuits, most researchers proposed different multistage heat pumps to
divide compression into several stages, which not only can effectively reduce the compression ratio of each stage
for higher system efficiency but also prevent excessive compressor discharge temperatures at high water supply
temperatures. Wang et al. [7] reported a novel double-stage coupled heat pump by cascading two different heat
pumps. The testing results indicated that the novel heat pump worked more smoothly with an average coefficient
of performance (COP) of 3.2 with a water supply temperature of 43 °C under outdoor temperatures between -6 °C
to 6 °C, which increased the COP by 20% compared to the single-stage heat pump. Redon et al. [8]
thermodynamically analysed the performance of vapor-injection two-stage heat pump systems by comparing them
to a single-stage heat pump. They concluded that the vapor injection systems can provide heating capacity
increments of 30% to 35% and COP improvements of 15% to 20%, finally achieving more than 30% seasonal
COP increase under condensing temperature of 65 °C. Cheng et al. [9] numerically investigated a novel double
internal auto-cascade two-stage compression heat pump system, which increased COP by 1.7%-4.4% compared to



a vapor injection heat pump system under a condensing temperature of 50 °C. Furtherly, Zou et al. [10] designed
and optimized a cascaded vapor-injection heat pump system. The experiment and theoretical results showed that
the novel triple stages heat pump had stable COPs between 1.16 to 1.58 when the outdoor temperature ranged from
-10 °C to 20 °C under a high supply temperature of 140 °C.

Apart from seeking breakthroughs from the refrigerant circuit, many researchers focused on the heat sources
investigation, combining outdoor air with other heat sources to promote system stability as well as seasonal
performance. Han et al. [11] experimentally investigated a multi-source coupled heat pump system, which can
absorb heat energy from outdoor air and solar radiation by a novel collector/evaporator. The results indicated that
the COP of the novel system was stable at 2.12 to 2.50 at outdoor temperatures of -16 °C to -2 °C and increased by
4.9% compared to the common HP system. Wang et al. [12] developed an innovative dual-source heating system
with a novel heat pump and energy storage unit, which can obtain energy from the photovoltaic/thermal water
exchanger and air heat exchanger to reduce heating cost by 45% and operate more stably when compared to an
ASHP heating system. Jiang et al. [13] designed a triangular solar air collector-assisted air source heat pump,
which had preheat, series and parallel modes to fully utilize the energy from solar radiation and air. The
experiment results indicated the novel multi-source heat pump had a 64.4% higher average COP than the ASHP.
Grossi et al. [14] tested a novel dual-source heat pump system with air and ground heat sources and compared it
with an ASHP system by annual simulations, which indicated that the novel system reached 24.6% annual
performance factor promotion and had more stable performance over the years. Fang et al. [15] considering the
unstable of solar irradiation and outdoor air temperature, presented a novel ice source heat pump system with solar
thermal panels and air heat exchangers. The experiment results showed that the novel system had less heating
capacity fluctuation and a minimum COP of 3. Li et al. [16] analysed the characteristics of different heat sources
and theoretically discussed the advantages of different hybrid source heat pumps. The results showed that hybrid
heat sources heat pump systems had around 15% energy-saving rate when compared to single-source heat pump
systems.

Investigations discussed above indicated that dual-stage and dual-source heat pump systems have a better ability to
achieve high efficiency in low ambient temperatures and high water supply temperatures than conventional ASHP
systems, effectively increasing the system stability in cold regions. However, they did not adequately consider
frosting and defrosting influence on system performance deterioration. To solve the frosting problems, many
researchers drew great attention to inventing effective frosting retarding and defrosting methods. The frosting
retarding measures can be divided into active and passive forms. Active frosting retarding focuses on changing
outdoor air conditions [17] and destroying frost [18], while passive frosting retarding focuses on the structure
adjusting [19, 20] and surface coating for air heat exchangers [21]. The active forms have a deficiency that requires
additional power consumption, and the passive forms need a high initial cost. As for defrosting methods, they are
concluded into 5 different normal sorts, which are: (1) compressor shutdown defrosting, (2) electric heating
defrosting, (3) hot water spraying defrosting, (4) hot gas bypass defrosting, and (5) reverse cycle defrosting. The
first defrosting method can reduce the power consumption of defrosting at the cost of defrosting time, but only
works when outdoor temperatures are higher than 1 °C [6]. The electric heating and hot water spraying methods
need high external power to achieve fast defrosting, which has very limited application. The widely applied hot gas
bypass and reverse cycle methods are compressor-derived defrosting methods and have high power consumption.

Respecting the practical application, most buildings with traditional GB heating systems are not equipped with
ventilation heat recovery devices due to the considerations of operation cost and system complexity at the
beginning of construction, resulting in significant ventilation heat loss from exhaust air. Therefore, many low-
carbon retrofit projects are replacing traditional GB heating systems by installing new systems with HPs and
mechanical ventilation heat recovery units (MVHR). However, integrating HP and MVVHR into low-carbon heating
systems is not the optimal solution, as the complexity of the integrated system is much higher than that of the
traditional GB system. Dodoo et al. [22] theoretically demonstrated that the impact of MVHR on building heating
deeply relied on the type of heating system. Although MVHR can effectively reduce the heating load of buildings
in cold weather, the additional ventilation power consumption could lead to higher energy bills compared to the
traditional GB system.

The exhaust air of the building is a non-negligible heat source and the best option for frosting retarding and
defrosting in the ASHP heating systems. Considering the problems of defrosting and ventilation heat recovery,
building exhaust should provide more benefits than just ventilation. Therefore, Yi et al. [23] proposed and proved
a concept of a novel dual-source heat pump, which can recover waste heat from building exhaust air with two-
stage evaporation and vapor injection compression, and integrate a novel defrosting method by utilizing exhaust
air for frosting retarding and defrosting. The results of their study indicated that the novel dual-source heat pump
had better COP than the vapor injection heat pump and the ASHP, which can achieve a maximum COP of 3.65 at a
water outlet temperature of 30 °C and ambient temperature of 0 °C. The previous works have proven the concept in
low water outlet temperature range (<35 °C). However, the system performance and characteristics at high water
outlet temperatures have yet to be investigated.



To demonstrate the all-important high water outlet temperature performance and application potential, significant
improvements have been made in the design of the system. In this paper, a dual-source heat pump (DSHP)
prototype with compact construction and automatic control program, which is specially designed for high water
outlet temperature and low ambient temperature application is presented and tested. Thereafter, a novel DSHP
heating system for practical application with an innovative and simple structure is further proposed according to
the manufactured prototype. Based on the experiment data, a building heating model of the novel DSHP heating
system is developed and validated for investigations of its heating performance and application potential by
comparing it to the conventional HP heating system and the traditional GB heating system. The characteristics and
performances of the three different systems are compared to discover the advantages of the novel DSHP heating
system. And then further eco-economic analyses are proposed according to the different regions with varying
climatic conditions and energy policies, so the application of the novel DSHP heating system will be deeply
studied and give out more instructional information for the DSHP deployment and achieving carbon neutrality
targets.

2. Descriptions of the DSHP and corresponding heating system
2.1 Structure and experiment setup of the DSHP prototype

Figure 1 (a) illustrates the structure of the DSHP prototype, which has 2 low-pressure evaporators (LE), 1 medium-
pressure evaporator (ME), 1 economizer, 1 plate-type condenser, 1 vapor injection compressor, 3 expansion valves
and 5 air fans. It is seen that 2 exhaust air fans are installed on the top of the DSHP, and the other 3 discharger air
fans are installed on the bottom. Figure 1 (b) shows the system diagram of the DSHP. From the side of the air-
flowing direction, the exhaust air flows through the medium-pressure evaporator for the first-stage heat exchange.
In this stage, the exhaust air will be cooled down by releasing a part of its heat energy into the medium-pressure
refrigerant. At the same time, the outdoor air flows into the outdoor unit and mixes with the cooled exhaust air,
becoming a warmer mixed air. The mixed air, thereafter, flows through the low-pressure evaporators for the
second-stage heat exchange. In the second stage of heat recovery, the mixed air will release all the heat energy into
the low-pressure refrigerant and becomes colder discharge air than the outdoor ambient. When it turns to the
refrigerant side, analysing the refrigerant flow together with Figure 2, the vapor injection compressor extracts and
compresses the evaporated refrigerant () from the low-pressure evaporators (4’-5). and then mixed it with the
medium-pressure refrigerant (1, ) becoming a colder refrigerant mixture (4,5-6) before the second-stage
compression. The refrigerant mixture (1) after second-stage compression (6-1) will be discharged to the plate-
type condenser, where the high-pressure refrigerant mixture () will release a large amount of heat energy to
the water (1-2). Subsequently, a part of the refrigerant flows into the medium-pressure evaporator (m,’) and
economizer (m,) for medium-pressure evaporation (3-4) after corresponding throttling. The rest refrigerant (1i,)
flows through the economizer for subcooling (2-2”) followed by low-pressure evaporation (3’-4’) in low-pressure
evaporators, finishing a cycle. According to Figure 2, the energy flow and balance of DSHP can be formalized in
Table 1. To sum up, the presented DSHP has the following extraordinary characteristics in conditions of cold
weather and high water temperature:

(1) The waste heat of exhaust air is recovered in two-stage evaporation, forming double heat sources for the
DSHP. And thus, the evaporation temperature difference of each stage is narrowed, and the evaporation
temperatures (T5 and T;) are promoted from the red dash lines (see Figure 2) to the black lines of 3-4 and 3°-
4’, respectively. So, the irreversible energy loss in evaporation is decreased and the compression ratios are
reduced for each compression stage, leading to higher heating capacity (Q.,,) and lower power consumption
w).

(2) The vapor injection compressor reduces the power consumption (W) and refrigerant discharge temperature
(T;) by dividing the compression process into two stages with medium vapor injection cooling. With the
medium vapor injection cooling (4,5-6), the water outlet temperature can be raised, and the total refrigerant
mass flow rate (1) Of the condenser is increased, as well as the heating capacity (Qcon)-

(3) The warm exhaust air mixes with cold outdoor air, increasing the mixture temperature and thus retarding the
frosting in the low-pressure evaporators by changing air inlet conditions without additional cost. In addition,
the warm exhaust air, driven by the 2 exhaust air fans, is utilized to defrost without compressor operation,
which can get rid of the high power consumption of the reverse cycle defrosting method and overcome the
limitation of the compressor shutdown defrosting method.
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Figure 2. The temperature-entropy diagram of the DSHP
Table 1. Energy flow and balance of the DSHP
Components Energy and mass conservations
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As Figure 3 shown, the manufactured DSHP prototype was optimized and tested in the environmental laboratory
where different environmental conditions and water conditions can be simulated by the air conditioning unit and
thermostatic water system. Regarding the experiment process, the optimum charge of refrigerant (R410a) of 13 kg
was first obtained by considering COP under a fixed condition of outdoor temperature/water outlet temperature of
-12 °C/55 °C. Subsequently, the optimum COPs of the DSHP prototype were optimized under various working
conditions (as listed in Table 2) by adjusting the expansion valve opening. Finally, the optimum expansion valve
openings were programmed into the control panel, ensuring the best COP of the DSHP all the time.

To evaluate the heating performance of the DSHP, the heating power consumption (wy,) of the DSHP is measured
by a high-accuracy power meter, and the heating capacity of the DSHP is calculated by:

Q= Cpm(Twater,outlet - Twater,inlet) (€Y)



where Q is heating capacity, C,, is the isobaric specific heat capacity of water, m is the water mass flow rate, and
Twater,outlet aNd Twater inlet are the water outlet and inlet temperature of the DSHP, respectively.

The COP of the DSHP therefore can be calculated by:

COP = g 2)
Wh

The uncertainty in the measured data is related to the accuracy of the sensor, and the uncertainty in the calculated
data accumulates due to the transferability of the uncertainty in the measured data [24], which is expressed as:

0.5

o 2 ( - >2 < - )Z
(o o ”
(6m m ad Twater,outlet Twater,outlet aTwater,inlet Twater,inlet

2

Ucop = [(6;‘% UQ) + (aaCTO: Uwh)zrs 4)

Eventually, the uncertainty of the measured data and calculated data are listed in Table 3.
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Figure 3. Experimental setup (a) Environmental laboratory (b) the DSHP prototype in experiments

Table 2. Experiment conditions of the DSHP prototype
Refrigerant Water Exhaustair ~ Exhaustair ~ Outdoor air ~ Water outlet
charge (kg)  flow rate flow rate temperature  temperature  temperature

(m*h) (m%s) () (O] (C)
41

-12 48

55

41

-6 48

55

41

0 48

55

41

6 48

55

41

12 48

55

41

18 48

55

13 4 0.75-1.30 20-25




Table 3. Uncertainty of experimental data

Sensors Parameters Uncertainty
PT-1000 Water outlet temperature of the DSHP (Tyater outlet: °C) £ 0.15°C
PT-1000 Water inlet temperature of the DSHP (Tyaterintet: °C) +0.15°C
Mass flow meter Water mass flow rate (m, m%h) +05%
Power meter Power consumption of the DSHP (W, kW) +0.2%

- Heating capacity of the DSHP (Q, kW) +4.27%

- Coefficient of performance of the DSHP +4.28%

2.2 Description of the novel DSHP heating system and comparison systems

As mentioned above, the traditional GB heating system used in most old buildings wastes exhaust air during
operation, while the conventional HP heating system, which integrates heat pumps with MVHRS, increases the
system complexity and the heating bill of building heating. To solve the application challenges of the conventional
HP heating system, the proposed novel DSHP heating system has its own built-in ventilation heat recovery fans.
When deploying the novel DSHP heating system to an office, as Figure 4 shown, the required fresh air flows into
the office from the right inlet, while the exhaust air is extracted by the DSHP through the left air duct. The DSHP
recovers the waste heat from the exhaust air along with absorbing the heat from outdoor air, achieving increasing
heating capacity and COP, and then the produced hot water will be used to heat the indoor space through the
radiators. The novel DSHP system conducts space heating with improved performance and fulfils the ventilation
requirements of the office without additional MVHR at the same time, which efficiently reduces the complexity of
the whole heating system. For simplicity, the novel DSHP heating system is called system-A.

Figure 5 shows the structure of the aforementioned conventional HP heating system, which integrates a
conventional HP with an MVHR to achieve carbon reduction in the current market. The conventional HP extracts
heat from a single heat source, i.e., the outdoor air, and then transfers the heat into the water for space heating
through radiators. The ventilation requirement is satisfied by the additional MVVHR, which extracts the exhaust air
and recovers the waste heat by transferring it to the fresh air. It is clear that the conventional HP heating system
has higher complexity than system-A. In this study, the conventional HP heating system is named system-B.

Figure 6 illustrates the traditional GB heating system, which is the most common heating system in current
buildings. The GB heats the water and supplies heat to the office through the radiators. Due to the low price of
natural gas, the traditional GB heating system does not consume additional electricity for heat recovery, and the
ventilation requirement is committed by the exhaust air fans and fresh air inlet which is similar to that of system-A.
For simplicity, the traditional GB heating system is called system-C, which is the baseline of the following
comparisons.

In the simulation, the three different heating systems will be separately applied to the same office of which
structure details are listed in Table 4. The ventilation strategy of the office is according to the ASHRAE
recommended air ventilation rate of offices, which is 2 air changes/h [25], so the exhaust air flow rate is 0.8 m3/s
for the office, which is achievable for the proposed DSHP prototype. Furthermore, the internal heat generation
comes from the simulated activity schedule which includes 20 workers and 20 computers with fixed working hours
(9:00-19:00).
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Table 4. Parameters details of the office
Area Ventilation  Internal heat Building constructions
(W*L*H)  requirement sources Envelopes Heat transfer coefficient Remarks
The normal of the main
Wwall 0.1833 W/m?/K facade is at an angle of 45°
to the south.
There are no windows on
2
30m* 20 workers Roof 0.5500 W/m?/K the roof.
13.3m* 2Ach (0.8 and 20 The floor is in contact with
' md/s) Floor 0.7322 W/m?/K
3.6m computers the ground.
The window-wall ratios of
Windows 3.4573 W/m2/K the main and back facades

are 0.2, and that of the left
and right facades are 0.

3. Mathematical model of building heating systems

Figure 7 illustrates the modelling flow chart of the heat pump heating systems, i.e., system-A and system-B. The
proposed simulation model is based on the following assumptions: (1) The internal heat gains of the office are
fixed during working hours; (2) The heat losses from the heating system to the ambience are ignored; (3) The heat
supply terminals are enough to deliver the heating amount of system to the office; and (4) The HP water outlet
temperature of the heating system are assumed at constant average values. The simulation begins with data loading
and input with time steps of one hour. The loaded practical weather data includes hourly outdoor temperatures,
hourly global horizontal irradiation (GHI) and hourly diffuse horizontal irradiation (DHI), which are collected
from the EnergyPlus database. Thereafter, the building details are inputted followed by ventilation and activity
schedule setup. According to the details of the building and the weather data, the hourly heat transfer rate (HT) of
building envelopes and ventilation, as well as the solar heat gains (Hg)) and internal heat gains (Hijy,,) are obtained.

After the data loading and input, the whole heating system is simulated by the 5R1C model based on 1SO13790
[26]. As Figure 8 depicted, the 5R1C model concludes the whole heating system in an equivalent three-node
resistance-capacitance network, which consists of building thermal mass node (Ty,), indoor surface node (Tsye),
indoor air node (T;,), and capacitance of building thermal mass (Cy,). The heat transfer between two nodes is
related to the temperature of each node and the heat transfer rate (HT) between nodes. In each hour, the whole
heating system model achieves an energy balance where the heat load and heat gain of each node are equal and
expressed as:



Hyeat + Hin + HT5i(Tiresh — Tin) = 0 %)
Hsuf + HTOS(Tout - Tsuf) + HTsi(Tin - Tsuf) + HTts (Tth - Tsuf) =0 (6)
Hyn + HTot(Tout — Ttn) + HTts(Tsur — Ten) + Cen = 0 @)

After the confirmation of the heating setpoint temperature (Tse), the hypothetical indoor temperature Ty, ; is
calculated by assuming the office has no heat supply from the heating system, i.e., Hyeat = 0, and then the
operation mode of the heating system can be judged by comparing the indoor temperature setpoint Ty With the
hypothetical indoor temperature Ty, ;. If T, ; is not lower than T, the office does not need a heat supply from the
heating system, and it is no heating energy consumption during the i th hour. Therefore, the indoor temperature
Tin; is finally equal to Ty ;. Otherwise, the office needs a heat supply, and thus, based on the 5SR1C model, the
heating load of the office (L;) will be calculated by considering that the indoor temperature is equal to Ty,. In
addition, the maximum heating amount of the heating system will be evaluated by considering the influence of
frosting which appears at conditions of outdoor temperature lower than 5 °C, and can be expressed as:

Hpi = Qitmn,i (8
tm,h,i =1-r (9)

where Q; is the heating capacity of the heat pump, t,, , ; is the maximum heating time. and r is the defrosting time
ratio of the heat pump, which is equal to 0 when there is no frosting.

By comparing the heating load of the office and the maximum heating amount of the heating system, the indoor
temperature can be identified at last. If Hy,; is larger than or equal to L;, the heating system can fully handle the
heating load. So, the heating amount H; of heating system will be adjusted to L; by shorting the operation time
during the i th hour, so Tjy, ; can be finally maintained at Tset. If Hy,; is less than L;, the heat pump cannot satisfy
the heating load of the office. In this condition, H; will be equal to Hy,;, and Tj, ; will be recalculated according to
the 5R1C model.

Once the H; is confirmed, the system's energy consumption W; in the i th hour can be calculated by:

Wi = Whi + watai + Wyynar (10)
Hj
W, = —— 11
h,i COPi ( )
Hj
thi = —(1—1) (12)
h,i Hm,i
H.
td,i = ! T (13)
Hm,i

where COP; is the coefficient of performance of the heat pump unit, W ; is the heating energy consumption in
kWh, wy is the defrosting power consumption in KW, ty,; is the actual heating time of the heat pump, tq; is the
actual defrosting time of the heat pump, and Wyyyr is the energy consumption of MVHR.

In this study, an MVHR is applied to system-B to fulfil the fresh air requirement, whose average power
consumption is presumed to be at 2.98 kW with an average heat recovery rate of 84.5% during application
according to a commercial product manual [27]. Additionally, the heating capacity Q; and COP; of heat pumps are
simulated by multiple linear regression equations based on the experiment data of the DSHP prototype and a
commercial HP. In the simulation, the average water outlet temperature of the heat pumps is assumed to be 55 °C,
while the outdoor temperature varies with the practical weather data. In each iteration of i th hour, the thermal
mass temperature Ty, ; will be sorted out, which will be the important parameter for L;,, calculation. By iterating
the hourly heating performance of the systems over a full year (8760 hours), the monthly average performances of
the three systems are analysed as follows:

Firstly, different from the experiment in the lab, the applied heat pump will experience heating processes and
defrosting processes in its long-term operation. Therefore, a seasonal coefficient of performance (SCOP) is used to
evaluate the long-term performance of heat pumps in the simulation, which can be expressed as:
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m o
SCoP, = ——
b X, (Whi + watas)

(14)

where H; is the heating amount, W, ; is the heating energy consumption, wp 4 is the defrosting power consumption,
and tg; is the defrosting time of the heat pump during the i th hour.

At the system level, the seasonal performance factor (SPF) is used to estimate the long-term operating
performance of the whole heating system, which is calculated as:

SPFy; = i=n H (15)
Aj —
) ™ (Whi + watq;)
m
s H
SPFg; = =n 7 (16)

™ (Whi + watas + Wavar,)

In addition, the monthly heating amount, monthly heating bill and monthly carbon emissions of the system are
respectively evaluated as:

m
1=n
m
Bi=ac) W (18)
1=n
m
G=e) W (19)
1=n

where H;, Bj, Cj are the monthly heating amount, monthly heating bill, and monthly carbon emission of system-A
and system-B during the j th month, respectively, a, and ¢, are electricity price and carbon emission factor of
electricity, respectively.

Regarding system-C, its heating load is equal to system-A in the simulation, because they are applied to the same
office and have the same ventilation method which drives outdoor fresh air directly into the office without
preheating. Thus, the gas boiler of system-C has the same heat supply amount as the DSHP, i.e., Hcj = Hp;. The
heating efficiency of the gas boiler (ngg) is presumed as 85% [28, 29], and the seasonal performance factor of
system-C (SPFc;) is equal to be 0.85 by neglecting of the small power consumption of the exhaust air fan.
Thereafter, the monthly heating amount, monthly heating bills, and monthly carbon emissions of system-C can be
calculated by:

SPF¢; = 0.85 (20)
_ He

Bc,j = agTFCj (21)

PO (22)
J "B SPF;

where ag and &, are natural gas price and carbon emission factor of gas, respectively.
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4. Results and discussions
4.1 Experiment results and mathematical models of the DSHP and conventional HP

The manufactured DSHP prototype was optimized in the environmental laboratory, whose optimized results are
shown in Figure 9 (a), indicating that the highest heating capacity of the DSHP prototype is 39.12 kW at 18 °C/55
°C (outdoor temperature/water outlet temperature), while the highest COP is 4.12 at 18 °C/41 °C. The heating
capacity of the DSHP decreases smoothly as outdoor temperature decreases. For instance, at 55 °C water outlet
temperature conditions, the heating capacity reduces by 30.42% when the outdoor temperature is cooled down
from 18 °C to -12 °C. The power consumption of the DSHP has little change with outdoor temperature but
increases a lot with water outlet temperature. Therefore, the COP of the DSHP decreases as outdoor temperature
declines, but, for instance, only has a 31.33% deterioration when outdoor temperature changes from 18 °C to -12
°C at a water outlet temperature of 55 °C. It is worth noting that compared to the previous prototype which has
been proved in laboratory conditions of -5°C/30 °C [23], the presented DSHP achieves the maximum water outlet
temperature of 55°C at an extremely cold outdoor temperature of -12 °C, of which heating performance already
gratified the requirement of replacing the traditional gas boiler heating system in practical building heating.

The experiment results of the applied conventional HP are listed in Figure 9 (b), which is collected from the
official database of a commercial heat pump [30]. The maximum heating capacity of the conventional HP is 20.24
kW at 20 °C/35°C, and the highest COP of the HP is 5.89 at 20 °C/35°C. However, the heating capacity of the HP
dramatically decreases as outdoor temperature colds down, which declines by 58.61% when outdoor temperature
decreases from 20 °C to -7 °C at 55 °C water outlet temperature. It is noted that the heating capacity of the HP
declines as water temperature rises, which is contrary to the trend of the DSHP and is a very important application
challenge that the DSHP overcomes. In addition, the power consumption of the HP fluctuates more greatly than
that of the DSHP. Eventually, the COP of the conventional HP deteriorates as outdoor temperature decreases,
which declines by 47.49% when the outdoor temperature drops from 20 °C to -7 °C at the water outlet temperature
of 55 °C, performing more volatility than that of the DSHP.

Defrosting experiments of the DSHP reveal that the defrosting time is 4 mins after every 20 mins at -6 °C/41 °C
and 0 °C /41 °C, i.e., 16.67% of defrosting time ratio, and defrosting power consumption is 0.46 kW. The
defrosting performance of the presented DSHP coincides with the previous prototype which also consumed a short
defrosting time and had negligible defrosting power consumption [23]. The defrosting performance of the
conventional HP is not provided by the official database, and thus is presumed according to Song et al. [6] and
Vocale et al. [31] investigation that the defrosting time ratio is 20% and the defrosting power consumption is 2/3
of the heating power consumption in the simulation.
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Figure 9. Experiment results of the different heat pumps (a) the DSHP (b) the conventional HP

As Figure 10 shown, to simulate the performance of the DSHP prototype, Multiple Linear Regression (MLR) is
applied to gain the equations of Qp; and COPp ;, ; basing on the experiment data. The regression result is illustrated
as the grid surface in Figure 10, which highly coincides with the experiment points, and thus can accurately predict
the heating performance of the DSHP at various application conditions. As a result, the mathematical model of the
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DSHP is expressed as the equations of Qp; and COPp j,; as followed, whose R? (the coefficient of determination)
are 0.987 and 0.989, respectively:

Qp,; = 11.3276167069219 + 0.000816133452435193 * Toy;2 — 0.00358510819903730 * Tyyareri> —
0.0106228325501578 * Toue; * Tayater + 0.995435448865903 * Toye; + 0.573101795701124 * Tyyarer; (20)

COPpp; = 3.1425 + 0.000116425040114020 * Ty ;2 — 0.000646128467782338 * Tyyareri —
0.00171910627919067 * Toye; * Twater + 0.128337485057284 * Toye; + 0.0251067875765841 * Tyyaeer (21)

Where T,,; is the outdoor temperature and Ty, a¢er,; iS the water outlet temperature of the i th hour.

apacity (W)
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.
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»
o

(a) (b)
Figure 10. Performance of the DSHP (a) Heating capacity of the DSHP (b) COP of the DSHP

Regarding the mathematical model of the conventional HP, as Figure 11 shown, based on the MLR of the
conventional HP experiment data, the regression surface of Qup; and COPypy,; are consistent with the official data,
which are expressed as the following equations. The R? (the coefficient of determination) of Qup; and COPypy ;
are 0.935 and 0.956, respectively:

Qup; = —0.230494643219705 + 0.00460654165351375 * Toye;2 — 0.00789221429429487 * Tyyateri —
0.00169822548262473 * Ty * Tyater; + 0.455228552732591 # Ty ; + 0.583133882110729 * Tyyarer; (22)

COPypy; = 8.63921319787365 + 0.00138611842808078 * Tyye ;> + 0.00189956186875287 * Tyateri> —
0.00257243315879058 * Ty * Twater; + 0.185811944733147 * Toyy; — 0.221346571606090 * Tyarer; (23)

Heating capacity (W)

10

Water outlet temperature (°C) - . 19 Outdoor temperature (°C) Water outlet temperature (°C) R ;5\’(/ 0 Outdoor temperature (°C)
@ (b)
Figure 11. Performance of the HP (a) Heating capacity of the HP (b) COP of the HP

4.2 Simulation results and comparisons of different building heating systems

4.2.1 Annual performances comparisons of the three different building heating systems
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In this section, the three heating systems are simulated and compared on a monthly and annual basis in London’s
weather conditions. Notably, aiming to investigate the application characteristics of different heat pump heating
systems, including the heating performance and defrosting performance, the deployment amounts of the heat pump
of different systems are matched to the condition of average office temperature above 16 °C [32]. Eventually, the
matching result of the DSHP is 1 in system-A and that of the conventional HP is 3 in system-B. As a result, Figure
12 illustrates the monthly average outdoor temperatures and indoor temperatures of the three systems, where the
outdoor temperature of London achieves the lowest point of 3.94 °C in February and peaks at the highest point of
17.31 °C in July. The indoor temperature of all heating systems can maintain at 16 °C during the main heating
month, i.e., October to April, and rises above 16 °C in other months because of no cooling supply. It reveals that

the three systems have a good heating capacity to satisfy the heating load of the office and maintain indoor thermal
comfort.
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Figure 12. The monthly indoor temperature of different systems

Figure 13 illustrates the heating amount of the three different heating systems. The main heating months of the
three systems are all between October and April when the outdoor temperature and solar radiation are low in
London. The heating amount of system-A (H,;) and system-C (Hc;) peaks at 6434.76 kWh in January, and
reaches the minimum of 21.64 kWh in July when there are only a few cold days that need some heat supply. The
maximum and minimum heating amount of system-B (Hg ;) appear in the same months, which are 3222.09 kWh
and 7.84 kWh, respectively. Notably, Hg; is always smaller than Hy ; and H; due to the MVHR recovering waste
heat from exhaust air to fresh air, resulting in a 30.07% to 51.71% decrease in Hg; when compared to Hp; and He;.

However, although the MVHR reduces the heating amount of system-B, the final eco-economic performances of
the systems need to be combined with the SPF of the systems to consider comprehensively.
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Figure 13. Monthly heating amount of different systems

Figure 14 represents the simulation results of the SPF;. It is noted that the SPFy is equal to SCOPpgyp according to
the equations (11) and (12), owing to the simplicity of system-A that does not has additional energy consumption
from other equipment. From the simulation results, SPFy ; is significantly better than SPFg; and SPF; throughout
the year, which peaks at 3.03 in August when the monthly average outdoor temperature reaches its highest point.
In the coldest month, i.e., February, SPF, , is 2.69, which still maintains 89.00% of the highest point. Regarding
system-B, the system energy consumption consists of the conventional HP and MVHR. So, SPFg; and SCOPyp;
are not equal according to the equations (11) and (13). It is found that the SCOPyp ranges from 2.15 to 3.03, which
only maintains 70.89% of the highest point in the coldest month. Therefore, the conventional HP performs badly
as the weather gets colder, while the DSHP can operate stably for the whole year. As a result, the DSHP had a
maximum improvement of 25.62% in the SCOP in January when compared to the conventional HP. When it
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comes to the performance of system-B, i.e., SPFgj, the poor SCOP of the conventional HP and the additional
energy consumption of the MVHR eventually result in the poor SPFg;, which reaches the highest point of 1.28 in
January and hits the lowest point of 0.45 in July. As for system-C, SPFc; is constant at 0.85 which is the
comparison baseline.
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Figure 14. The monthly average efficiency of different systems

By comprehensively considering the influence of heating amount and SPF, the eco-economic performances of
different systems are analysed and compared as follows. To estimate the environmental and economic performance
of different systems, the annual average electricity price and natural gas price in the UK are obtained from Bionic
Services Ltd [33], which are £0.143 per kWh and £0.045 per kWh for medium businesses, respectively. And the
carbon emission factors for electricity and natural gas in the UK are 0.176 kg/kWh and 0.183 kg/kWh, respectively,
which are provided by the climate transparency report of G20 countries [34] and the greenhouse gas reporting [35].

Figure 15 illustrates that the monthly heating bill of system-A (B, ) is the lowest over the year. The minimum and
maximum of By ; are in July and January, which are £0.65 and £340.43, respectively. The monthly heating bills of
system-B (Bg;) are between £2.50 and £359.46, which are £1.8 to £60.29 higher than that of system-A. When it
comes to system-C, B varies from £0.72 to £340.66, which is slightly higher than that of system-A, but £1.78 to
£53.77 lower than that of system-B. The continuously higher heating bills of system-B obstruct the deployment of
low-carbon heating systems and the process of building decarbonization. The proposed novel DSHP heating
system successfully reduces the heating bills and the system complexity of the conventional HP heating systems,
which overcomes the challenges of heating decarbonization and makes the low-carbon heating system market-
competitive.
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Figure 15. Heating bills of different systems

Figure 16 depicts that system-A produces the least carbon emissions owing to its high system efficiency and low
energy consumption, which ranges from 0.79 kg to 419.23 kg in the simulation year in London. System-B
produces 3.08 kg to 442.66 kg of carbon emissions, which is 5.59% to 287.71% higher than that of system-A.
Regarding system-C, it is shown that the gas boiler produces an enormous amount of carbon emissions ranging
from 2.15 kg to 967.65 kg, which is 229.73% to 270.46% higher than that of system-A. It is clear that the gas
boiler heating system is the key obstacle to decarbonizing buildings. The DSHP can significantly decline carbon
emissions and save the bill of building heating, which is the best substitute for gas boilers.
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Figure 16. Carbon emissions of different systems

According to the monthly performance of systems, annual performance analyses are further carried out in Figure
17. Benefiting from the novel defrosting method, system-A achieves near-zero defrosting cost, which only
accounts for 0.31% of the total heating bill. However, the reversed defrosting method of the conventional HP
results in a high defrosting cost, which accounts for 3.29% of the total annual heating bill of system-B. Eventually,
the poorer-performing conventional HP, the more costly defrost method and the additional MVVHR costs combine
to result in higher annual heating bills for System B, and these negative properties also enlarge the annual carbon
emissions of system-B. As a result, system-A significantly saves the annual heating bill by 19.73% (£372.46) and
creates a 19.73% (458.67 kg) carbon reduction when compared to system-B, and in the 20-year life cycle, the total
bill saving can reach £74449.20 with 9173.45 kg carbon reduction. It is seen that system-A has considerable eco-
economic advantages by recovering exhaust waste heat with innovative structure designs.

When it comes to system-C, the traditional non-renewable heating system costs more than system-A and emits
numerous carbon dioxides. In comparison, system-A can save 1.94% (£30.02) on the annual heating bill and
declines 70.34% (4424.14 kg) carbon emissions per annum, which achieves a negative carbon reduction cost of -
£6.79/t in its first. Within the life cycle, system-A can save £600.44 and offers 88482.88 kg carbon reduction when
compared to system-C, which is a key promotion for carbon neutrality.

However, compared system-B to system-C, due to the poorer eco-economic performance, system-B reduces
carbon emission by 63.05% (3965.47 kg) per year but dramatically increases the heating bill by 22.16% (£342.44),
reaching 79309.43 kg carbon reduction at the expenses of £6848.76 additional heating bill in the 20-year life cycle,
i.e., the carbon reduction cost of system-B is £86.35/t. The annual eco-economic results indicate that system-A
significantly improves the performance and creates application advantages of low-carbon heating systems, which
overcomes the deployment challenges of substituting traditional gas boiler heating systems.
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Figure 17. Annual economic and environmental performances of different systems

4.2.2 Application potential analysis of the DSHP heating system in different regions

Decarbonization in building heating is in full swing around the world. However, different regions have
distinguished weather conditions and energy strategies, deeply affecting the deployment potential of low-carbon
heating systems. Therefore, the economic and environmental performance analysis of the three systems under
different regions is important to further discuss the feasibility of the novel DSHP heating system. To suit the
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working range of the heat pump systems, 8 available regions are selected based on the database of EnergyPlus.
Figure 18 illustrates the maximum and minimum monthly average outdoor temperatures of selected regions. The
maximum monthly average temperatures of different regions are mainly in July when there is less or no heating
load in the office. The minimum monthly average temperature of Japan is down to -3.85 °C, while that of Spain is
6.16 °C. Therefore, the selected regions cover a wide range of weather conditions, and the eco-economic
performance comparison among the three systems in different regions can depict more insights into the application
of the DSHP. Due to the colder climate of the regions when compared to London, the matching amount of the
DSHP is 2 and that of the HP is 6 in the select regions to maintain the indoor temperature of the office.
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Figure 18. The outdoor temperature of different regions

Figure 19 depicted the simulation results of the annual heating amount of different systems, which are affected by
the outdoor temperature, varying in different regions. The heating systems in the coldest Japan supply the largest
heating amounts, while those in the warmest Spain have the smallest heating amounts. It is seen that system-B has
45.28% to 49.60% lower heating amounts than system-A and system-C, and the heating amount reduction by
MVHR heat recovery is enlarged as the regional weather condition gets colder. However, the lower heating
amount does not always translate into bill saving after considering the SPF of the systems and energy prices of
different regions.
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Figure 19. Annual heating amount of the three systems in different regions

From Figure 20 of the SPF of different systems, it is seen that system-A keeps the best SPF in different regions
among the three systems. The SPF of different systems are all highly related to the outdoor temperature, so, the
maximum SPF, is 2.79 in Spain in which it has the warmest winter, while the SPF, is down to 2.54 in the coldest
Japan. The SPFg is ranging from 1.20 to 1.35 in different regions, while that of system-C is constant at 0.85. As a
result, The SPF of system A increased by 89.42% to 132.87% and 198.46% to 228.09% compared to system B and
system C respectively.
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Figure 20. SPF of diff of the three systems in different regions

From Figure 21 of worldwide non-domestic energy prices which are collected from the GlobalPetroprices database,
Canada has the lowest natural gas price (£0.020 per kWh) and the second lowest electricity price (£0.082 per kWh
after £0.080 per kWh of Korea) among the selected regions, while Denmark has the highest natural gas price
(£0.127 per kWh) and electricity price (£0.216 per kWh). And of note is that the electricity prices are obviously
higher than natural gas prices in different regions, which has significant effects on heat pumps’ economic
advantage when compared to gas boilers.
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Figure 21. Worldwide energy prices

From Figure 22 of annual heating bills, although the electricity price is always higher than the natural gas price,
system-A and system-B are still cost-effective when compared to system-C in most regions. In the USA, Korea,
Spain, Japan, Austria and Denmark where the electricity prices are 37.93% to 155.56% higher than gas prices,
system-B saves 19.12%, 54.52%, 31.59%, 34.32%, 48.56%, and 42.16% on heating bills respectively when
compared to system-C, and the energy-efficient system-A can provide heating bills saving of 20.64%, 54.36%,
46.32%, 33.46%, 50.32%, and 45.35% respectively when compared to system-C. However, in high electricity
price regions, i.e., Canada and China, where the electricity prices are respectively 310.00% and 412.05% higher
than the natural gas prices, system-B has 45.03% and 72.81% higher heating bills compared to system-C,
respectively. Although system-A reduces the heating bill by 11.54% and 3.61% respectively when compared to
system-B, it still has 28.29% and 66.56% higher heating bills than system-C in Canada and China, respectively.
More importantly, comparisons between system-A and system-B show that system-A has lower heating bills than
system-B in most regions which is up to 21.53% in the warmest Spain. But, in the two coldest regions, i.e., Korea
and Japan, system-A has 0.36% and 1.31% higher heating bills than system-B, respectively. This is due to the
difference between the SPF of system-A and system-B being smaller when the regional weather is colder, and
finally, system-B achieves bill saving compared to system-A by cooperating with the strong heating load-reducing
ability of the MVVHR in extremely cold regions.

Table 5 shows the cost distribution of heating bills for different heating systems. Benefiting from the innovative
exhaust air defrosting method, the defrosting cost proportion of system-A only ranges from 0.25% to 0.66%, while
the minimum defrosting cost proportion of system-B is 2.89% in Spain, and the maximum defrosting cost
proportion of system-B is up to 8.99% in Japan. The defrosting cost proportion of system-B is dramatically higher
than that of system-A, causing non-negligible deterioration on SCOP of the conventional HP and SPF of system-B,
and thus contributing to the poor economic performance. The costive defrosting method is one of the main
problems causing the higher heating bills of system-B, while the impact of novel exhaust air defrosting of the
DSHP is near zero in all regions.

To sum up, from the perspective of the economy, the heat pump heating systems deployment potential is severely
impacted by the energy prices of different regions because cheap fossil fuel will be a disincentive for consumers to
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select low-carbon heating systems. Furthermore, the application potential of the novel DSHP heating system needs
to be investigated by considering the weather conditions of different regions, which can generate considerable bill
saving compared to the conventional HP system in non-extreme cold climate regions.
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Figure 22. Annual heating bills of the three systems in different regions

Table 5. Cost distribution of heating bills in different regions
Regions Systems  Heating cost MVHR cost  Defrosting cost

Conada. | SYSEM-A  99.59% 0.00% 0.41%
e system B 51.08% 44.09% 4.83%
System-C  100.00% 0.00% 0.00%

Ching. | SYSEm-A  99.419% 0.00% 0.59%
QN SystemB 58.86% 33.15% 7.98%
System-C  100.00% 0.00% 0.00%

Usa.  SystemA  99.40% 0.00% 0.60%
Washingon | SYSIem-B 58.33% 33.79% 7.88%
System-C  100.00% 0.00% 0.00%

System-A  99.40% 0.00% 0.60%

(O systemB  57.86% 34.32% 7.82%
System-C  100.00% 0.00% 0.00%

Spain. System-A 09.75% 0.00% 025%
Sl systemB  47.05% 50.05% 2.89%
System-C  100.00% 0.00% 0.00%

jpan. Sysem-A 99,345 0.00% 0.66%
Gy System-B 60.77% 30.24% 8.99%
System-C  100.00% 0.00% 0.00%

v, SYSEM-A99.40% 0.00% 0.60%
e System-B 50.00% 32.81% 8.09%
System-C  100.00% 0.00% 0.00%

Denmrk.  SYSEm-A  99.44% 0.00% 0.56%
Coronanen  System-B 56.57% 36.13% 7.30%
System-C 100.00% 0.00% 0.00%

Regarding the environmental performance of the three systems, it is highly dependent on the carbon
emissions factor (CF) of electricity, which is related to the region's energy policies and is an important
parameter indicating the renewability of power generation in different regions. According to the climate
transparency report of G20 countries [34] and the greenhouse gas emission report of the European
Environment Agency [36], CFs of different regions are illustrated in Figure 23 that the CF of natural gas is
0.183 kg/kWh, while CF of electricity varies from 0.07 kg/kWh to 0.54 kg/kWh. In China, the USA, Korea,
and Japan, electricity CFs are 68.59% to 192.07% higher than that of natural gas. In other regions, especially,
most Europe countries, their power generation is shifting to less carbon-intensive by using more solar energy
and wind energy. Therefore, the electricity CFs of Canada, Spain, Austria, and Denmark are 3.80% to 62.34%
lower than that of natural gas.
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Figure 23. Carbon emissions factor of different regions

From the result of carbon emissions, Figure 24 indicates that the two heat pump heating systems have limited
carbon reduction performance when compared to the gas boiler system in the four countries with high
electricity CFs, i.e., China, the USA, Korea, and Japan. System-B only reduces annual carbon emissions by
1.43%, 41.04%, 14.71% and 16.28%, respectively, while system-A reduces the carbon emission by 4.99%,
42.15%, 14.39% and 15.18%, respectively, when compared to system-C in China, the USA, Korea, and Japan.
When it comes to the countries with low electricity CFs, i.e., Canada, Spain, Austria, and Denmark, the
carbon reduction of system-B achieves 62.64% to 86.68% and that of system-A reaches 70.68% to 88.21%
when compared to system-C, respectively. Similar to the economic performance results, system-A has better
carbon reduction ability than system-B in most regions but performs worse in Korea and Japan.

In summary, the two heat pump heating systems have definitely better environmental performance than gas
boiler systems but do not always have preferable economic performance in regions with high electricity prices.
The novel DSHP heating system can achieve more heating bill savings and carbon reductions in non-
extremely cold regions by recovering exhaust air waste heat and improving SPF when compared to
conventional HP systems, which is a better substitute for the non-renewable heating device in most regions.
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Figure 24. Annual carbon emissions of the three systems in different regions
4.3 System demonstration and field test results

A demonstration system applying the DSHP prototype was installed in the Hull central library for practical use,
delivering real-life application performance data and simulation validation for the proposed model. The
demonstration system shown in Figure 25 depicts that the practical DSHP is deployed on the roof of the library
and connected to the serviced office by the black exhaust air duct. The practical DSHP extracts the exhaust air by
the duct from the corner window of the office to the top of the DSHP, and then produces hot water and stores it in
water tanks by absorbing heat from the exhaust air and outdoor air. The practical office has a similar room
structure to the model, and the space heating is conducted by 8 fan coil terminals. The operational data from 4th
Jan to 8th Jan 2022 are presented in this paper. The outdoor/indoor temperatures and water outlet temperature were
recorded by temperature humidity sensors and platinum resistors in minutes, and the heating amount and energy
consumption of the DSHP system were measured and accumulated by using heat meters and current transmitters,
respectively. To validate the model, the results of practical weather conditions and working conditions of the
demonstration system are listed in Table 6.

Figure 26 shows comparison results of the practical and simulative performance. It is clear that the simulative
heating amount of the DSHP heating system was 9.85% higher than the practical result, while the simulative
energy consumption was 6.36% lower than the practical result. The simulation deviations are due to unpredictable
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human activities and internal machine operation in the practical working space during the field test period, which
created additional internal heat gain and led to the lower heating amount of the practical DSHP system.
Furthermore, in practical application, the DSHP system has additional exposed surfaces from the connection tubes
and storage tanks, causing additional heat loss. Therefore, the practical DSHP needed to work longer and
consumed more energy to gratify the identical indoor temperature. As a result, the practical SPF of the DSHP
system is 2.24, which is 14.83% lower than the simulative SPF. According to the validation results, the proposed
model has good accuracy in predicting the heating performance of the DSHP system.

Figure 25. Practical experiment system (a) DSHP (b) Serviced office

Table 6. Practical experiment conditions

Practical condition Values
Office geometry (W*L*H, m) 30*13.3*3.6
Outdoor temperature (°C) 0-7.92

Average working indoor temperature of the office (°C) 19.98
Average working water outlet temperature of DSHP (°C)  56.28
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Figure 26. Comparisons between experimental and simulative performances of the DSHP heating system

4.4 Further remarks

From the discussions above, the heating performance and eco-economic advantages of the novel DSHP heating
system are thoroughly illuminated by comparing them to conventional HP and GB heating systems in different
regions. According to the simulation, the innovative construction of the DSHP heating system successfully
provides considerable bill savings and carbon reductions in different regions, showing excellent application
potential. However, the theoretical results are limited by the model assumptions and practical operation conditions,
which are deviations from the actual application. Therefore, the manufactured DSHP need to be further
demonstrated in a public building for a long-term application, in which the performance of the novel heating
system can be practically testified and revealed for the ambitious carbon neutral targets.

5. Conclusions

An experiment-based model of the DSHP heating system was proposed and validated after the prototype was
designed and tested in this study, which performed a good simulative accuracy. Based on the model, three different
heating systems. i.e., the novel DSHP heating system (system-A), conventional HP heating system (system-B) and
traditional GB heating system (system-C) were simulated and compared in various regions. The annual simulation
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was conducted to discover the heating performance and characteristics of the DSHP heating system, and then,
further comparisons in different regions were presented to reveal the eco-economic performance as well as the
application potential of system-A, which is detailed below:

(1) Regarding the system performance and characteristics in London simulation, the DSHP has a stable monthly
SCOP hetween 2.69 and 3.03 throughout the year, benefiting from the double heat sources of exhaust air and
outdoor air, vapor injection compression, and net-zero consumption defrosting. In the same conditions, the
monthly SCOP of the conventional HP is fluctuating between 2.15 and 3.03 in the simulation. And thus, the
DSHP has higher SCOPs, of which the improvement enlarges with the decline of average outdoor
temperature and reaches the maximum promotion of 25.62% in the coldest January.

(2) Respecting the eco-economic performance results in London, the system-A provides £0.72 to £7.46 bill
saving with 2.15 kg to 967.65 kg carbon reduction when compared to system-C over the year, while the
system-B cost £1.78 to £53.77 more than system-C when reducing the carbon emissions by 0.11 kg to 944.22
kg. In the annual results of comparing to system-C, system-A eventually achieves a negative carbon
reduction cost of -£6.79/t in its first, while system B has a high carbon reduction cost of £86.35/t.

(3) Further comparisons in different regions show that system-A has 89.42% to 132.87% higher annual SPF than
system-B and achieves 1.88% to 21.53% reductions in annual heating bills and carbon emissions in non-
extremely cold regions. Compared to system-C, system-A has 20.64% to 54.36% savings in annual heating
bills and decreases the annual carbon emissions by 14.39% to 86.09% in regions with relatively low
electricity prices.

(4) In extremely cold regions, system-A has obviously higher heating loads than system-B because of the
unheated fresh air, resulting in 0.36% to 1.31% increases in annual heating bills and carbon emissions when
compared to system-B. In regions with very high electricity prices, system-A has 28.29% to 66.56%
increases in annual heating bills while reducing the annual carbon emissions by 4.99% to 88.21% compared
to system-C. The application potential of system-A is, therefore, deeply analysed by comparing it to the
conventional HP and gas boiler heating systems in wide regions with different weather conditions and
regional energy policies, giving important guiding significance for the DSHP in the global application.
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