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Abstract. Air source heat pump (ASHP) deployment is expected to grow in the next years as a response to the decar-
bonization needs in the building sector. While not extremely cold, the southern region of Brazil has relevant heating
demands during winter; therefore, we present a techno-economic analysis on HP-based systems operating for three dif-
ferent locations in the region. A dynamic simulation model was implemented to represent the ASHP and the integration
with a thermal energy storage (TES). The system’s performance was compared to combustion appliances and electric
resistance heaters operating over a year. Results show that in the Brazilian context, traditional combustion appliances
present 13% to 41 % higher operation costs and emitting 69.5 % more CO,, compared to electric resistance heaters.
Furthermore, replacing electric resistances by ASHP could reduce the energy consumption up to 74 %, with the costs and
CO; emissions following the same trend. When TES was integrated to the ASHP, the energy consumption increased from
7% to 23 %, depending on the location. Results suggest the use of TES could be advantageous if a better operation logic
is implemented and time-of-use rates are considered.

Keywords: Heat pump, Thermal energy storage, Decarbonization, Buildings, Space heating
1. INTRODUCTION

Buildings are relevant energy consumers and responsible for fair amounts of the carbon dioxide emission worldwide.
According to the International Energy Agency (2022b), they account for around 12 % of end-use CO, emissions in the US
and 36 % in the EU (Le erf al., 2019). Almost half of the energy demand is due to thermal loads (Kishore e al., 2020), and
the most common heating systems are the natural gas furnaces, electric resistance heaters, and electric heat pumps (HP).
If supplied by electricity generated through renewables, HP are less pollutant than furnaces, being up to five times more
efficient than electric resistances (Dincer et al., 2017). Several countries are making a move towards replacing combustion
appliances by HPs, aiming at decarbonization. In fact, it is expected that the deployment of heat pumps will significantly
increase in the next years in the US (Kaur et al., 2020), Europe (International Energy Agency, 2022a), and China (Wang
et al., 2020).

Because of the increasing number of HP, electricity transmission system will face energy demand challenges, specially
in peak-periods (Bianco et al., 2017). If the energy mix has a high penetration of renewables, which is necessary for
decarbonization, the grid also has to deal with intermittence. Moreover, in very cold temperatures the performance of HPs
deteriorates, requiring assistance of peripheral equipment that usually requires more energy to operate. Thermal energy
storage (TES) has been studied as an auxiliary system to support HP and addresses some of the mentioned issues (Ermel
et al., 2022b).

As a tropical country, Brazil requires more cooling than heating. Nonetheless, there are regions in southern Brazil
which require heating systems during winter. Usually, residential buildings in southern Brazilian adopt electric resistance
heaters and combustion appliances to supply the heating loads. Moreover, houses in Brazil hardly employ good thermal
insulation, which increases the heating demand even under mild temperatures. Brazil has an electric energy mix mainly
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composed by renewable sources: 65 % hydro-power, 9.1 % biomass, 8.8 % wind, and 1.7 % solar (EPE, 2022). Hence,
replacing combustion appliances by HP would directly reduce the total carbon emitted by buildings in the country.

Very few works have explored the role of heat pumps in the Brazilian climate. There are studies on their usage for
domestic water heating systems (Duarte et al., 2021), however, their use for space heating has been overlooked, and is
usually seen as a complementary part of cooling systems. In this paper we employed a Python framework (Ermel et al.,
2022c) to simulate the operation of four different space heating systems: a) electric-resistance based heater, b) a furnace
using liquefied petroleum gas (LPG, a mixture of propane and butane), c) air-water heat pump d) air-water heat pump
integrated with thermal storage. Annual climate data from Caxias do Sul-RS, Urubici-SC, and Curitiba-PR (Hersbach
et al., 2018) were used to feed the model and compare the performance of the four systems regarding the operation cost
and CO, emission.

2. METHODOLOGY
2.1 Air source heat pump model

Heat pumps employ a vapor compression cycle to transfer energy from a colder environment (outside) to an envi-
ronment that is warmer (inside). The fundamental cycle, displayed in Fig. 1, consists of a compressor, a condenser, an
expansion device, and an evaporator, notwithstanding the presence of various peripheral components in the equipment.
The model adopted in this paper is a quasi-steady-state representation of the vapor compression cycle, which was pro-
posed by the authors (Ermel et al., 2022¢). Each component (compressor, condenser, evaporator, and expansion valve)
is an object that join into a larger object to depict the operation of a heat pump, allowing for the user to change the
construction and operation parameters.

Outdoor
Indoor

~

amb

P Heatpump ‘ T,

by
WA

Figure 1: System diagram

The enthalpy marching solution procedure (Winkler et al., 2008) is adopt with all the components being solved at each
iteration. The pressure levels at points 1 and 2 are guessed, and the refrigerant mass flow rate is calculated by

My = p1Veomp (n/60) Mol s M

where Vo, is the displacement [m3], n the compressor rotation speed [rpm], 1,0; the volumetric efficiency. Equation 2
is the energy balance applied to the evaporator (external unit)

Qe = mr(hl - h4) = UeAe(Tme - Tairoutdoor)- (2)

To account for the different phases inside the heat exchanger, we employ the Kriging-assisted three-zone model proposed
by Huang et al. (2020). The overall heat transfer coefficient U, for each zone is given by (Li et al., 2020)

1 1 -1
Uzone =|—+ ) ) (3)
< hz hai'r‘nfianin

where h, and hg;, are the refrigerant-side and air-side heat transfer coefficients, respectively. n¢;y, is the fin’s efficiency,
and Ry;, the fin ratio. We assume a representative heat transfer coefficient of hqp = hijq = 600 W m~2K~! for the vapor
and liquid phases and hop, = 3000 W m~2K~! for the two-phase zone. On the air side, hg;, equals 100 W m 2Kl
Although they can change based on the fluids and the flow circumstances, these values are representative for the studied
case. The zone length is calculated by Eq. (4), the outlet enthalpy by Eq. (5), and the outlet temperature Eq. (6) (Huang
et al., 2020).
mydh
Lzone = T 1y 4
dTU ,onemD @)
2
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dr
hzone = hln - UzoneAzone.ia (5)

T

Tzone -

UzoneAzone(Tai'rm - O5,Tm) + mr * Cpr * Tzn (6)
(mrcpr + 0-5UzoneAzone) .

C)p, is the refrigerant specific heat, D and Ay, are the tube inner diameter and the zone surface area, respectively.
h; represents the refrigerant enthalpy entering the zone, T,;,,, is the ambient air temperature and T;,, is the refrigerant

temperature in the zone, assumed to be uniform. Solution is reached when calculations meet the convergence criteria
(residual < 1 x 1079).

2.2 Thermal load model

The heating load is calculated using the residential load factor method from standard 169-2021 (ANSI/ASHRAE,
2021) (Eq. 7) while taking into account the detached single-family home of Fig. 2 measuring 120 m? and having the
following features: U, = (0.51 Wm™2 K~1) for the walls and (A, = 120m? and U, = 0.18 Wm~2 K~1) for the roof.
The indoor temperature setpoint T, was arbitrarily chosen constant at 19 °C.

Qload = Awa (Tamb - Tsp) + ArUr (Tamb - Tsp) (7)

Heat pump

=
- ]lll"ll"lllml

Heat
“\TES exchanger

(@) (b)
Figure 2: a) Single-family detached dwelling b) view of the simulated ASHP-TES heating system

U

Figure 3 shows the thermal loads simulated for the single-family detached dwelling previously described. In general,
in South America the heating loads are much lower than the ones of North America, Europe, and North Asia, although,
Chile and part of Argentina present relevant heating demands. Brazil, as a tropical country, has much higher demands for
cooling than for heating. Nonetheless, the southern states of Rio Grande do Sul (RS), Santa Catarina (SC), and Parana
(PR) present significant heating demands during winter.

0 0
-1 -1
= <
H H
-2 ° -2 °
& ®
g §
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T T
-4 -4
-5 -5
() (b)

Figure 3: Annual heating load for a 120 m? single-family detached dwelling. a) South America, b) South Brazil
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2.3 Case study

Given the heating load map of Fig. 3 we choose three cities located in cold regions to perform the techno-economic
analysis: Caxias do Sul (RS), Urubici (SC), and Curitiba (PR). We compare the operational costs and estimated CO,
emission of the heating systems presented in Fig. 4. All the heat introduced by the systems is considered to be perfectly
distributed in the house, and the electric resistance is assumed to have unitary COP, while the furnace has an efficiency of
90 % (Yu et al., 2021). Both the ASHP and the ASHP-TES systems are air-water heat pumps, which require an hydraulic

a) b)

/7 - - -
é_, & TN g TN
\ ermal load &~

Thermal load

Furnace
¢) d)

IS s

Thermal load Thennal load

— ale  mE{hals

air-water HP

air-water HP

Figure 4: Heating systems compared in this study a) Electric resistance heater b) LPG gas furnace c) Air-water heat pump
d) Air-water heat pump integrated with thermal storage

system to distribute the heat in the house.

Table 1 presents the parameters used to simulate the ASHP and the ASHP-TES systems. The heat pump model inputs
are: compressor rotation n, displacement Disp, isentropic efficiency 7;s,, and volumetric efficiency 7,,;. A refrigerant-

Table 1: Parameters of the ASHP and ASHP-TES systems.

Device Parameter Value
Compressor n 3600
Disp 2.5 x107°
MNiso 0.63
Mol 0.95
Condenser Effectiveness 0.7
Water tank Area 6.28 m?
Volume 1.17m3
Overall heat transfer coeff. U 0.5Wm 2K~!
Pump B Mass flow rate 0.1kgs™1

water heat exchanger is used, therefore, a constant effectiveness of 0.9 is adopted. A 1.17m? water tank is adopted as
sensible TES, and the heat losses are calculated with an overall heat transfer coefficient of 0.5 Wm=2 K1,

For the electric equipment, the annual operation cost is calculated as
8760

Cop = Y _ We(t)El
t=0

®)

where W. is the energy consumed by the compressor [kW h] considered to be constant in the hourly time step, and El,.

is the electricity rate [R$/kWh]. For the LPG furnace, the operation cost is

8760

Qload
Z LHV

NG —
op s

9

with Qoqq the heating load [kW h], LHV the lower heating value (46 x 10 MJkg—1), NG, the LPG price [R$/kg],
and 7 the furnace conversion efficiency. The equivalent CO, emission is calculated by Eq. (10) for the electric devices.

8760

Z We(t)fco,-

CO2y =

4

(10)
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fco, stands for the equivalent CO, emission [kgCO,/kWh] of the local energy mix. The furnace emissions are calculate
by

8760
C'O2equG = Z Qload(t)fCOgNG~ (11)

t=0

The values adopted for the parameters are presented in Tab. 2.

Table 2: Conversion factors for costs and CO, emission

Parameter Description Value Reference
FEl, Electricity rate - RS 0.670 R$/kWh (ANEEL, 2022)
Electricity rate - SC 0.535 R$/kWh
Electricity rate - PR 0.571 R$/kWh
NG, Gas rate 8.72 R$/kg (Agéncia Nacional do Petrdleo, 2022)
fco, CO, emission factor 0.118 kgCO,/kWh  (EPE, 2022)

feco,nG CO, emission factor for NG 0.2 kgCO,/kWh (Yuetal., 2021)

2.4 Control Logic of the ASHP-TES system

For the thermal storage system, the operation logic of Fig. 5 defines when the HP is operating and when to charge or
discharge the thermal storage device. The control strategy highly affects the system performance and in the present paper

Mode 1 Mode 2 Mode 3 Mode 4

[ Qload>0? ] —

Heat pump

((50C<95%2 | [ Tuir> SystemsP? )

NO YES i
YES NO Shergiug/ discharging ~ charging
SOC>15% SOC<95% ? discharging
NOL[ soc>10% 2 TES
[ Mode 3 ] [ Mode 4 ] o YES
YES YES NO NO &:
[ Mode 2 ] [ Mode 1 ] [ Mode 3 ] [ Mode 2 ]

Thermal load

Figure 5: Operation logic

we adopted a basic strategy that aims to prevent the operation of the HP whenever the outdoor temperature is below 10 °C.
In this conditions the COP is also lower.

3. RESULTS

Figure 6a shows that the heating demand for the three locations are similar. According to the assumptions, a single-
family detached dwelling in Curitiba has an annual heating demand of over 1.5 MW h. Caxias do Sul and Urubici have
even higher demands. Because electric resistance heaters have COP=1, the results for the annual energy consumed is
assumed to be equal to the heating demand. Figure 6b shows that replacing electric resistances with an ASHP would
reduce the annual electricity consumption in almost 74 % for the three cities. The energy savings are similar in all
locations because they have a similar temperature profile along the year, hence, the heat pump average COP is similar.

The operational cost of each system is presented in Fig. 7a for all locations. As stated in Eq. (8-11), operational cost
and CO; emission hold a proportional relationship with the energy consumption. Therefore, the electric resistance heater
has higher operational costs and CO, emission when compared to the ASHP and the ASHP-TES.

The LPG furnace has the highest operational cost among all the systems, being 13 % higher than the electric resistance
in Caxias do Sul, and reaching 41 % in Urubici, where the cost of electricity is lower. This is driven by the high costs of
natural gas in Brazil. The difference between the furnace and the other systems is also expressive for the carbon dioxide
emissions. Fig. 7b shows that the furnace emits 69.5 % more CO, than the resistance heater, and up to 6.5 times more
than the ASHP.
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Annual heating demand [kWh]
Annual energy [kWh]
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Figure 6: Annual results of a) heating demands b) electricity consumed by the heating systems
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Figure 7: Annual results of operation cost and CO, emission for each location per system

3.1 ASHP-TES system

The ASHP-TES system performed differently according to the location. However, it consumed more energy than the
ASHP in all locations: 11 %, 23 %, and 7 % for Caxias do Sul, Curitiba, and Urubici, respectively. The heating season
comprehends the months from May to August, Fig. 8, and the system was configured so the TES is discharged whenever
the outdoor temperature is lower than S Py s¢er, = 10 °C. In all the other times the systems seek to keep the state of charge
(SOC) above 95 %, which, in this case, means a water temperature of 49.5 °C. While the ASHP works with a constant
water temperature of 44 °C, the ASHP-TES has the water temperature 75 = 50 °C in most of the operation time. Since the
COP is inversely proportional to the difference between the outdoor and indoor temperatures, in this arrangement it varied
from 2.25 to 3.5 depending on the ambient temperature. For the ASHP-TES, the control logic favors the HP operation
when the COP is higher, hence, there are times in which the ASHP COP is higher, and in other times its lower than the
ASHP-TES. As explored by Ermel et al. (2022a), this control strategy presented better results for colder climates, as the
difference on energy consumption was around 1.9 % with the system simulated for the climate of Denver-CO.

No discussion regarding capital investments was addressed in this paper, as only the operational cost, energy consump-
tion, and CO, emission were included. However, the studied systems have different concepts, hence, they face different
challenges. The furnace, for instance, does not require a hydraulic circuit to distribute the heat throughout the dwelling
like the ASHP-TES does. However, it causes the indoor air to displace, which can affect the thermal comfort. Moreover,
ducts are required to deliver the heated air to all the rooms. The benefits and drawbacks of the technologies must be
discussed altogether to decide on each to employ.
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Figure 8: Performance results and variables in the ASHP-TES system

4. CONCLUSIONS

Brazil is a tropical country with the predominance of cooling demands. Nonetheless, there are regions in the south that
present relevant heating demands during winter. The performance of four different heating systems (electric resistance,
LPG-furnace, ASHP, and ASHP-TES) was simulated for three cities located in south Brazil: Caxias do Sul-RS, Urubici-
SC, and Curitiba-PR. Results show that an ASHP could supply the heating load consuming up to 74 % less energy than
an electric resistance heater. Moreover, savings on the operation cost about 68 % to 72 % were found when the local
average electricity rates were assumed. The LPG furnace presents the highest operation cost and CO, emission. In
comparison with the ASHP, the LPG-furnace has 13 % to 41 % higher operation cost and is 69.5 % more pollutant. In
several countries natural gas is cheaper than electricity, which increases the attractiveness of LPG-furnaces. However, for
the Brazilian reality, using LPG for heating systems would be more expensive then using electric resistance, or ideally,
heat pumps.

Simulations on the integrated ASHP-TES system revealed that for the studied scenarios, introducing a TES device
to the HP would increase the energy consumption in 7 % to 23 %, depending on the location. Operational cost and CO,
emission follow the same trend. It’s important to highlight that the system simulated in the present paper is intended
to operate in a much colder climate, which may not match the same requirements of a mild climates. The TES has
the potential to support HP operation even in these climates. However, different objectives must be set, for instance,
considering time-of-use electricity rates, so the TES is used to shift the load and prevent the HP of operating during
peak-hours.

In the present work we only addressed operational costs to assess the performance of HP-based systems in the climate
of south Brazil. However, initial costs for ASHP and ASHP-TES are expected to be much higher than electric resistances.
Therefore, further analysis are require to quantify the payback time of such solutions, and to help determine the best de-
ployment strategies. Utilities providers, for instance, can take advantage on the flexibility introduced by TES in residential
heating systems. This may help reduce the electricity demand in critical periods. On the other hand, governments could
support the deployment of ASHP-TES as an action to mitigate the climate crises. Hence, a value proposition must be
found in order to highlight the technology benefits and to split the initial investments, making ASHP-TES an attractive al-
ternative. From the author’s point of view, for climate regions like the ones in south Brazil, ASHP-TES could find a niche
in hybrid space-water heating systems. Moreover, further exploration on the control strategies are required to improve the
energy savings.
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