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A B S T R A C T   

This article conducts a comprehensive theoretical analysis containing operational, carbon footprint, and eco
nomic aspects of a medium–high temperature heat pump (HP) employing R-1234ze(E) as working fluid. Different 
scenarios consider three types of heat pump connections with district heating and cooling (DHC) networks. The 
study contains a total of six scenarios, where the first (single stage/two stage cascade (SS/TSC)) and second (SS) 
scenarios use waste heat for district heating. The third (SS/TSC) and fourth (SS) scenarios produce heating and 
cooling for district heating and cooling. The fifth (SS) and sixth (TSC) scenarios use heat from the district heating 
network (DHN) for conventional boiler applications (process heating). Regarding the energy analysis, the in
ternal heat exchanger (IHX) presents a positive impact across all scenarios, improving from 1.5 to 4.6%. 
Moreover, the TSC configuration exhibits a lower coefficient of performance (COP) than SS for scenario 1 
(− 20.1%), and for scenario 3 exhibits higher COP than SS (+3.7%). The R-1234ze(E) COP for most scenarios 
surpasses R-134a. The second scenario, characterized by a lower condensing temperature, results in the highest 
COP (5.94), due to presenting the lowest compression ratio among the six scenarios. From a carbon footprint 
perspective, all scenarios demonstrate lower emissions with R-1234ze(E) than R-134a, with the second scenario 
exhibiting the lowest emissions (358 tCO2e), which is attributed to its low energy consumption. Compared to a 
natural gas boiler, the second scenario achieves an 84.4% reduction in emissions. Regarding the economic 
analysis, TSC configurations exhibit higher costs than SS ones (+59% for scenario 1 and +51% for scenario 3). 
The first (SS) and second scenarios present the lowest capital expenditure (CAPEX), 35161 € and 37717 € 
respectively, with the second scenario having the least operating expenditure (OPEX), 25275 € due to its low 
energy consumption, making it a viable alternative to the boiler. Economic viability analysis reveals that only the 
first four scenarios with SS configuration are feasible, given their OPEX is lower than the boiler, in the case of 
scenarios 1 and 2 (− 14% and − 40%), and lower than boiler plus chiller in the case of scenarios 3 and 4 (− 18% 
and − 40%). For only heating, the second scenario exhibits the lowest payback period (PBP) (2.18 years), and for 
heating and cooling, the fourth exhibits the lowest PBP (1.94 years) over a fifteen-year life cycle.   

1. Introduction 

Humanity confronts climate change as a significant global challenge, 
encompassing notable and enduring alterations in Earth’s climate pat
terns. The residential sector’s heating and cooling demand in Europe 
accounts for approximately 50% of the final energy usage [1]. Moreover, 
one-third of the European Union’s energy-related greenhouse gas (GHG) 
emissions originate from buildings, with 80% of the energy consumed 
dedicated to heating, cooling, and hot water. The Energy Performance of 
Buildings Directive (EPBD) plays a pivotal role in directly advancing the 

European Union’s energy and climate objectives. The directive aims to 
achieve fully decarbonized buildings by 2050 [2]. 

The technology of district heating and cooling (DHC) has been 
acknowledged as a viable solution to reduce primary energy consump
tion due to its capacity of the decarbonization heating and cooling sector 
using renewable energies, the same with local emissions, allowing using 
local resources; therefore, this system adapts the heating and cooling 
requirements of buildings [2]. The fundamental operation of DHC con
sists of a centralized building (generation system) that, through a 
network pipeline (distribution system), provides heating for domestic 
hot water (DHW), process heating (PH), and space heating (SH) 
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(consumption system) [3]. Additionally, it offers cooling for space 
cooling (SC) and process cooling (PC). The thermal fluid circulating 
inside the pipeline is water. 

Throughout history, the district energy system has undergone 
transformations, leading to the development of five generations. The 
initial generation (1G), prevailing from 1880 to 1930, was composed of 
conglomerates of industries and complexes with high energy consump
tion. Their operation relied on the combustion of coal or other fossil 
fuels in thermal power plants, generating heat and electricity. The dis
tribution fluid was high-temperature and high-pressure steam operating 
at temperatures between 120 to 200 ◦C. This steam was produced 
through coal-waste steam production plants, and the energy was 
distributed to various remote customers through storage systems from a 
centralized generation plant. 

Subsequently, the second generation (2G), covering from 1930 to 
1980, marked a departure from the first by introducing pressurized hot 
water systems. In this generation, fossil fuels were still being used; 
however, it allowed for the incorporation of technologies such as 
cogeneration, enabling the simultaneous production of heat and elec
tricity from a single fuel source. These systems operated at temperatures 
between 120 and 160 ◦C. 

With technological progress, the third generation (3G) of district 
heating systems emerged between 1980 and 2020. The most notable 
aspect of this generation is the integration of renewable energy tech
nologies, including geothermal, solar thermal, biomass, and waste. This 
renders district heating networks more environmentally friendly, 
effectively reducing greenhouse gas emissions and improving sustain
ability. Additionally, this generation incorporates improved monitoring 
capabilities and construction techniques, presenting improved thermal 

insulation. These advancements have facilitated the attainment of lower 
operating temperatures, ranging from 70 to 100 ◦C [4]. 

The fourth and fifth generations have evolved from the third gen
eration [5,6]. The fourth generation (4G) operates with temperatures 
between 35 to 70 ◦C, whereas the fifth generation (5G) operates between 
10 to 35 ◦C. These novel categories function at lower temperatures to 
minimize heat loss and can be integrated into modern power supply 
systems. They are also compatible with various heat sources [3]. This 
capability enables modern district systems to harness renewable energy 
sources, capture waste heat, and connect with heat pumps (HPs) in 
diverse configurations. Detailed descriptions of these configurations can 
be found assessed by Barco-Burgos et al. [3]. These advancements offer 
notable advantages, including (i) reducing dependence on fossil fuels 
and mitigating greenhouse gas emissions through the utilization of 
renewable energy sources and the recovery of waste heat; (ii) improving 
energy efficiency by harnessing waste heat from industrial processes and 
power generation; (iii) facilitating the transition toward more sustain
able and climate-resilient energy systems [3]. 

Due to measures implemented to combat climate change, particu
larly global warming, HPs have garnered global attention. This is 
attributed to the fact that when HPs consume energy, they provide a 
coefficient of performance (COP) ranging between 3 and 6, coupled with 
the capacity for energy recovery [7]. HPs allow the recirculation of 
environmental and waste heat into a heat production process. As a 
result, a system appears that not only demonstrates energy efficiency but 
also represents an environmentally friendly solution for heating and 
cooling applications across various domains [8]. HPs play a pivotal role 
in significantly reducing GHG emissions, with a particular emphasis on 
mitigating CO2 emissions. 

Nomenclature 

A Area (m2) 
C Cost (€) 
Io Initial investment (€) 
LMTD Logarithmic Mean Temperature Difference (K) 
Q̇ Heat transfer (kW) 
r Discount rate 
T Temperature (◦C or K) 
U Overall heat transfer coefficient (kW m− 2 K− 1) 
Wc Compressor power consumption (kW) 
CAPEX Capital expenditure (€) 
CF Cash inflow (€) 
NPV Net present value (€) 
OPEX Operating expenditure (€) 
PBP Payback period (years) 

Greek symbols 
Δ Variation 
α Refrigerant recycling factor 
β Indirect emission factor (kgCO2e kWh− 1) 

Subscripts 
cond Condenser 
disc Discharge 
evap Evaporator 
HX Heat exchanger 
k Condensation 
o Evaporation 
source Heat source 
t Annual 
vol volumetric 

Abbreviations 
ASHP Air source heat pump 
Ch Chiller 
CHP Combined heat and power 
CHX Cascade heat exchanger 
COP Coefficient of performance 
CPI Consumer price index 
DCN District cooling network 
DHC District heating and cooling 
DHN District heating network 
DHW Domestic hot water 
EPBD Energy Performance of Buildings Directive 
GHG Greenhouse gas 
GWP Global warming potential 
HFO Hydrofluoroolefin 
HP Heat pump 
HT High temperature 
HTHP High-temperature heat pump 
IHX Internal heat exchanger 
IRR Internal rate of return 
LT Low temperature 
PC Process cooling 
PH Process heating 
Sc Scenario 
SC Space cooling 
SH Space heating 
SS Single stage 
SV Suction volume 
TCO Total cost of ownership 
TEWI Total equivalent warming impact 
TSC Two-stage cascade  
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Regarding refrigerants, Mateu-Royo et al. [9] conducted a compar
ative analysis between HPs and gas boilers for moderately-high- 
temperature applications using R-1234ze(E) under various conditions. 
Their study revealed that HPs facilitated a notable reduction in emis
sions, achieving a maximum 78% emissions decrease compared to gas 
boilers. Xiao et al. [10], concluded that R-1234ze(E) offers a favorable 
combination of thermodynamic, environmental, and safety properties 
specifically suited for solar district heating systems. Notably, R-1234ze 
(E) exhibits thermodynamic properties similar to R-134a with much 
lower global warming potential (GWP), making it suitable for moder
ately high-temperature applications. Furthermore, it is classified as 
group A2L, which is non-toxic and moderately flammable [9]. 

High-Temperature Heat Pumps (HTHPs) can be integrated into dis
trict heating systems, exhibiting a COP within the range of 2–6 or 2–8 
under specific conditions [3]. In a study conducted by Mateu-Royo et al. 
[11], an examination of HTHPs integration involved a comparison of 
various refrigerants with R-134a, utilizing the district heating network 
(DHN) as the heat source. This approach can yield a notable reduction of 
up to 98% in CO2e emissions in Sweden, particularly when compared 
with conventional natural gas boilers. Consequently, the collaborative 
deployment of HTHPs alongside DHN signifies a notable improvement 
in climate change mitigation. It reflects a positive perspective on uti
lizing sustainable energy conversion technologies [11]. Nevertheless, 
HTHPs still have some existing limitations, such as temperature range, 
low efficiency, and high economic cost [12]. The most important limi
tations are the market and the compressor. On the one hand, imple
menting HTHPs requires confronting the high economic costs and the 
customer’s interest in integrating HTHPs, especially considering the 
availability of low-cost boiler gas, which is more attractive than HTHPs. 
On the other hand, most of the challenges of HTHPs lie in the 
compressor; in high temperature (HT) conditions, the compressor works 
at higher pressures, and the discharge temperature limits the sink tem
perature; in addition to this, those conditions require higher cooling for 
the compressor [13]. Therefore, a HTHP with an appropriate price- 
efficiency ratio is required to catch the market’s attention. 

As mentioned before, HP can harness waste heat, and many pro
cesses, such as industrial processes, generate waste heat. The efficient 
management of waste heat generated in industrial processes is crucial to 
more sustainable and cost-effective practices. As industries conduct their 
operations, a significant percentage of heat is dissipated as waste, pre
senting a valuable opportunity for resource optimization. The magni
tude of this thermal loss varies across sectors and often reaches essential 
percentages. The underutilization of this source of thermal energy not 
only causes an economic loss but also carries a considerable environ
mental impact. In this context, the capture and efficient utilization of 
waste heat emerges as fundamental strategies to promote industrial 
sustainability, reduce operating expenditure (OPEX), and mitigate 
environmental footprints [14]. 

A few papers have investigated district heating and cooling networks 
with heating and cooling production methods and connected to different 
consumptions under several assumptions. Also, they compared the 
emissions to conventional natural gas boilers. The sustainability of DHN 
and district cooling network (DCN) can be improved by connecting high- 
efficiency electrically-driven heat pumps that can be optimized for 
different scenarios. This way, these scenarios need to be explored and 
compared, depending on the generation, the type of integration of the 
heat pumps, its configuration and the fluid refrigerant to be used. DHN 
and DCN networks incorporating heat pumps are a promising alternative 
to conventional boilers that use fossil fuels and chillers with direct 
ambient condensation. However, to capture the market’s interest and 
advance in the state-of-the-art, sustainable heat pumps connected to 
those systems need to be studied and developed to be economically and 
technically feasible. In this paper, a wide range of specific conditions 
never explored before of heat pumps integrated into DHN (two of them 
DHC) are proposed and analyzed their operational and economic 
feasibility. Also, a carbon footprint analysis is done compared to the 

conventional boiler for heating and a chiller for cooling and obtain a 
multi-parameter and comprehensive approach. Among the different 
types of connections of heat pumps to DHC explored, three were selected 
and adapted to the six conditions based on using waste heat, heating and 
cooling production, and boosting DHN temperature. To explore its 
feasibility, HTHP is employed for higher sink temperatures in DHN in 
some conditions. This paper contributes to promoting heat pumps in 
DHC networks to achieve higher energy efficiency, lower carbon foot
print, and higher economic feasibility. This leads to an attractive 
replacement of low-cost natural gas boilers, particularly in the DHC 
context. Additionally, it expands research domains in integrating heat 
pumps in DHC networks. As a result, this study aims to investigate the 
potential viability of a moderately-high-temperature heat pump 
employing R-1234ze(E) into DHN or DHC in conditions in which the 
system can result with a high energy efficiency. This is done through a 
compressive analysis of six distinct scenarios, considering various ap
plications of heat pumps in DHC. The research aims to assess each sce
nario’s operational, carbon footprint, and economic feasibility. The 
carbon footprint and economic feasibility are compared to conventional 
natural gas boilers that use fossil fuels to study the potential of HPs 
replacing boilers. 

2. System description 

2.1. Research scenarios 

For this study, the single stage (SS) and two stage cascade (TSC) 
cycles, both with an internal heat exchanger (IHX), will be considered; 
in the SS configuration, the main components are the evaporator, the 
condenser, the compressor, and the expansion valve. In the TSC 
configuration, the main components are the evaporator, the condenser, 
two compressors, two expansion valves, and a cascade heat exchanger 
(CHX). The cycle will be integrated into DHN and, in some configura
tions, also with the DCN. There will be three primary configurations of 
integrating HPs in the DHC systems. 

Fig. 1 shows the first configuration, the central heat pump connected 
to district heating (C_HP_DHN). In this configuration, the HP is posi
tioned within the central generation system, utilizing low-grade heat 
(coming from industrial process cooling) as the primary heat source for 
evaporating the refrigerant. Whereas the heat sink of the HP, the 
condenser uses the return line of DHN to elevate the temperature of the 
water and inject it into the supply line, providing heat to the DHN. 
Central HPs with a single heat source must possess adequate thermal 
capacity to comprehensively meet the year-round heating requirements. 
Centralized HPs can function independently or integrate into a system 
with other equipment, such as Combined Heat and Power (CHP) or 
harness waste heat, improving flexibility [3]. 

Fig. 2 illustrates the second configuration, which focuses on a central 
heat pump integrated with district heating and district cooling systems. 
This setup is designed for concurrent heating and cooling generation for 
DHC networks. In this configuration, the heat source utilizes the thermal 
energy present in the water from the return line of the DCN to evaporate 
the refrigerant. Subsequently, the water temperature is lowered and 
reintroduced into the supply line of the DCN. Regarding the heat sink, 
the process remains analogous to that of the first configuration. 

Fig. 3 shows the last configuration, the local heat pump connected to 
DHN (L_HP_DHN); in this case, the heat pump is locally placed and 
serves as a booster in the DHN. It utilizes the DHN supply line as the heat 
source for evaporating the refrigerant. [3]. 

This study considers six scenarios, each with its conditions, appli
cations, and configurations, as illustrated in Table 1. Given the differ
ences between the evaporation temperature (To) and condensing 
temperature (Tk) in those scenarios, if the scenario presents an accept
able pressure ratio, only SS will be used; if it presents a moderate 
pressure ratio, then it will be examined with SS and TSC; if it presents a 
high-pressure ratio, then only TSC will be used. 
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The initial scenario involves capturing waste heat from an industrial 
process by cooling dissipation water and substituting the conventional 
boiler for heat provision. In executing this process, the evaporator uti
lizes water as a heat source for evaporating the refrigerant, reducing the 
disparity between To and Tk. This adjustment improves HPs efficiency. 
Subsequently, the condenser (acting as a heat sink) facilitates heat 
transfer, providing heat to 4G DHN. In this instance, the scenario will 
contain two configurations: the SS cycle and the TSC. The second sce
nario closely resembles the first, with the distinction that, in this case, 
the heat pump operates with a condensing temperature of 65 ◦C, and 
only the SS cycle is considered in this case. 

The third scenario involves the simultaneous heat and cooling pro
duction for injection into a 4G DHC system. In the DHN, water from the 
network enters the condenser (heat sink) with inlet and outlet temper
atures of 40 ◦C and 70 ◦C, respectively. Similarly, in the DCN with the 
evaporator, water from the DCN enters the evaporator with inlet and 
outlet temperatures of 17 ◦C and 7 ◦C, respectively. Additionally, this 

Fig. 1. Central heat pump connected to DHN (C_HP_DHN).  

Fig. 2. Central heat pump connected to DHC (C_HP_DHC).  

Fig. 3. Local heat pump connected to DHN (L_HP_DHN).  
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scenario will be investigated using the SS cycle and the TSC. The fourth 
scenario is similar to the third one, with two differences: the conden
sation occurs at 45 ◦C, and the outlet water temperature from the 
condenser is 47 ◦C. For this case, only SS configuration is considered. 

The fifth scenario involves harnessing heat from the supply line of 
DHN for heat production. The water entering from the DHN flows into 
the evaporator (heat source) with inlet and outlet temperatures of 70 ◦C 
and 40 ◦C, respectively, and the connection is decentralized. Also, in this 
case, only SS configuration is considered. The sixth scenario mirrors the 
process of the fifth. However, in this case, the investigation focuses on 
the fifth-generation DHN with a heat source temperature (Tsource) below 
40 ◦C. Notably, this scenario will exclusively employ the TSC configu
ration due to the high difference between To and Tk. For this study, 
Figs. 1, 2, and 3 show the heat pump schematic for SS configuration. 

For the TSC configuration, Fig. 4 presents the schematic diagram of 
the heat pump. In this instance, the primary working fluid is R-1234ze 
(E), which is employed in the high-temperature circuit. R-1234yf is 
utilized as the working fluid for the low-temperature circuit due to its 
advantageous thermodynamic and safety properties. 

R-1234ze(E) has been chosen as the primary working fluid for the six 
scenarios due to its favorable thermodynamic and safety properties, 
particularly in DHN. Additionally, its potential in HPs as an alternative 
to conventional boilers is notable. Table 2 presents the main charac
teristics of the working refrigerants. 

3. Methodology and modelling 

The system modelling strategy, assumptions, and boundary condi
tions are presented in this section. 

3.1. System modelling 

Fig. 5 illustrates the steps employed for the theoretical operation. 
Refrigerant specifications, boundary conditions, and assumptions will 
be incorporated as input parameters in the Engineering Equation Solver 
(EES) [15]. This software contains all the necessary equations to simu
late the thermodynamic cycle. Once the output parameters are obtained, 
a commercial component will be chosen for each constituent of the 
cycle. The criteria for selecting commercial components are guided by 
the results obtained for each component. 

3.2. Calculation method and compressor modelling 

The calculation methodology of the operational parameters, such as 
COP and compressor efficiency, is based on manufacturer data [16]. The 
simulation is made using the manufacturer’s software [17]. The condi
tions of each scenario are applied to the software to obtain the opera
tional parameters of each scenario and develop the paper. To calculate 
the COP, the load at the condenser is set at 100 kW for each scenario. 
Consequently, the COP depends directly on compressor power con
sumption. As a result, the compressor modelling has to be validated. 

An SS HP prototype at the laboratory that employs a compressor 
from the same manufacturer is used to validate the compressor and 

Table 1 
Scenarios considered for the study.  

Scenarios To 

(◦C) 
Tk 

(◦C) 
Configuration of 
cycle 

Process Configuration of the 
connection 

Scenario 1 30 80 SS/TSC Industrial (cooling dissipation water) and heat supply (conventional boiler substitute) 
supply heat to 4G District Heating Network (DHN). 

C_HP_DHN 

Scenario 2 30 65 SS Cooling dissipation water (heat recovery) and supply heat to 4G District Heating Network 
(DHN). 

C_HP_DHN 

Scenario 3 2 65 SS/TSC Simultaneous production of DHN heating (70–40 ºC) and DCN cooling (17–7 ºC) 4G. C_HP_DHC 
Scenario 4 2 45 SS Simultaneous production of DHN heating (47–40 ºC) and DCN cooling (17–7 ºC) 4G. C_HP_DHC 
Scenario 5 50 90 SS Heat production (conventional boiler substitute) sourced from DHN (70–40 ºC) 4G. L_HP_DHN 
Scenario 6 10 90 TSC Heat production (conventional boiler substitute) sourced from DHN (<40 ºC) 5G. L_HP_DHN  

Table 2 
Main characteristics of R-1234ze(E), R-1234yf, and R-134a.  

Parameters R-1234ze(E)a R-1234yfb R-134ac 

Molecular formula CF3CH=CHF CH2=CFCF3 CH2FCF3 

Molecular weight (g mol− 1) 114 114 102 
Critical temperature (◦C) 109.4 94.7 101.06 
Critical pressure (bar) 36.36 33.8 40.59 
Critical density (kg m− 3) 489 475 511 
Normal boiling point (◦C) − 18 − 21 − 25 
Normal freezing point (◦C) − 156 − 150 − 96 
Ozone Depletion Potential (ODP)d 0 0 0 
Global warming potential (GWP)e 6 4 1300 
ASHRAE Std. 34 Safety Classificationd A2L A2L A1  

a [29]. 
b [30]. 
c [31]. 
d [32]. 
e [22]. 

Fig. 4. Scheme of TSC configuration.  
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evaluate its working conditions. Only SS configurations are experi
mented due to the laboratory limitations. Once the results are obtained, 
the actual compressor power consumption of the laboratory HP will be 
compared to the power consumption of the same compressor obtained 
from the manufacturer’s software. Fig. 6 shows the deviation of the 
actual power consumption obtained using the laboratory HP from that 
obtained using manufacturer software. The observed deviations are 
because the HP prototype is not optimized for the operational condi
tions, the error of the sensors, and irreversibilities such as additional 
pressure drop and thermal losses. 

The maximum deviation observed is 6%, and the minimum is 2%. 
These results show that the operational parameters given by the 
manufacturer software are valid for this paper, as shown in Fig. 6. 

3.3. Assumptions and boundary conditions 

Two parameters, To and Tk, are primarily employed to simulate the 
operating conditions. Table 3 outlines all the conditions established for 
all scenarios. Additionally, the following boundary conditions are 
considered: (i) Neglecting pressure losses in the pipes and internal 
components of the circuit. (ii) Ignoring heat losses from the system 
compared to other energy changes. (iii) Assuming isenthalpic flow 
through the expansion valve in the compression cycle. (iv) The actual 
power consumption of the compressors is determined based on the data 
provided by the manufacturer, specifying the condensation, evapora
tion, and superheat conditions of each scenario [9]. 

The scenarios’ cycles are delineated by the utilization of the working 
fluid. Fig. 7a) illustrates the cycle for each scenario employing R-1234ze 
(E). Notably, the cycles for Sc2 and Sc3 TSC HT are identical. Further
more, Fig. 7a) represents the HT circuit for the TSC configuration, 
whereas Fig. 7b) depicts the low temperature (LT) circuit’s cycle using 
R-1234yf. Finally, Fig. 7c) displays the cycles for R-134a. In this 
instance, the TSC configuration is exclusively represented for LT, given 
that the comparative analysis involves R-1234ze(E) operating with R- 
1234yf compared to R-1234ze(E) operating with R-134a. 

4. Results and discussion 

This section contains three analyses. Firstly, an operational analysis 
will be conducted on the six scenarios, comparing their pressure ratio, 
discharge temperature, and COP and examining the influence of the 
IHX. Additionally, a comparative assessment between R-1234ze(E) and 
R-134a will be initiated to evaluate the potential of R-1234ze(E) as a low 
GWP refrigerant. For the TSC comparison, the process is done using R- 
134a instead of R-1234yf. 

Fig. 5. Flow diagram for the modelling cycle with IHX.  

Fig. 6. Deviation of laboratory compressor power consumption from 
compressor manufacturer’s software. 
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Secondly, a carbon footprint analysis will be performed utilizing the 
Total Equivalent Warming Impact (TEWI) to compare R-1234ze(E) with 
R-134a and compare heat pump emissions (working with R-1234ze(E)) 
with those of conventional boilers. This analysis aims to provide ob
servations into the environmental implications of adopting heat pumps 
compared to traditional boiler systems. 

Finally, an economic analysis will be executed to compare the 
feasibility of HP with conventional boilers. This economic evaluation 
aims to comprehensively understand the economic viability of using 
heat pumps instead of traditional boiler systems. 

4.1. Operational analysis 

Fig. 8 shows the pressure ratio of each scenario for R-1234ze(E) 
compared to R-134a. Apart from cascade circuits, scenario 2 presents the 
lowest pressure ratio among the six scenarios, which is the most prom
ising scenario for energy performance. Regarding the refrigerants 
comparative, Fig. 8 shows that R-134a presents a higher pressure ratio 
for low pressures than R-1234ze(E), whereas R-1234ze(E) presents a 
higher pressure ratio for high pressures. This phenomenon occurs due to 
the difference in the thermodynamic properties between the 
refrigerants. 

Fig. 9 shows the discharge temperature of each scenario for R-1234ze 
(E), R-134a, and R-1234yf with IHX activated to observe the maximum 
discharge temperature. Scenarios 5 and 6 present the highest discharge 
temperature due to its condensing temperature (90 ◦C), reaching 110.2 
and 110.5 ◦C respectively. When it comes to refrigerants comparison, R- 
134a reaches higher temperatures discharge than R-1234ze(E) or R- 
1234yf. R-134a presents higher vapor enthalpy than R-1234ze(E), and 
R-1234yf, therefore, reaches higher discharge temperatures. Those re
sults are similar to the results conducted by Mateu-Royo et al. [11]; 
despite the difference in the heat sink and heat source temperatures 
between their paper and this paper, both papers show that R-134a 

Table 3 
Conditions and assumptions for every scenario.  

Parameter Assumed value 

Superheating degree 10 K (7 K TSC scenario 1) 
Subcooling degree 2 K 
Cascade heat exchanger temperature difference 5 K 
Thermal power of condenser for every scenario (Q̇k) 100 kW  

Fig. 7. P-h diagram cycles of a) R-1234ze(E), b) R-1234yf, and c) R-134a.  
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presents higher discharge temperatures and also show that the higher 
the pressure ratio is, the higher is the discharge temperature, this case 
can be observed when scenario 2 and 3 are compared. 

Regarding COP, Fig. 10 illustrates a comparison between scenarios 
with and without an IHX for R-1234ze(E), the same with Fig. 11 for R- 
134a. Scenario 2 exhibits the highest COP among the six scenarios. This 
outcome is attributed to scenario 2 having the smallest disparity be
tween the condensing temperature (To) and the evaporating tempera
ture (Tk) compared to the other scenarios, signifying a lower power 
demand for the compressor. 

The inclusion of the IHX positively impacts COP across all scenarios, 
particularly in scenarios with a more significant To-Tk differential, as 
observed in scenarios 1 and 3. Notably, this improvement in COP has an 
upper limit to prevent exceeding the compressor’s maximum discharge 
temperature for each scenario. Also, in this case, similar conclusions are 
obtained by Mateu-Royo et al. [11]; nevertheless, in this paper, the 
percentage of improvement is lower due to the IHX effectiveness, which 
is limited due to the discharge temperature of the modeled compressor. 

Fig. 12 compares R-1234ze(E) and R-134a for each scenario. 
Notably, R-1234ze(E) demonstrates a higher COP in most scenarios, 
except for scenario 1 (TSC configuration), scenario 4, and scenario 6. R- 
134a performs better in lower temperature ranges than R-1234ze(E) and 
R-1234yf, whereas R-1234ze(E) outperforms at higher temperatures. 

For instance, in scenario 2, the COP reaches 5.94 with R-1234ze(E), 
while it attains 5.15 with R-134a, reflecting a 15.46% increase in per
formance for R-1234ze(E). From an energy perspective, R-1234ze(E) 
showcases superior performance at higher temperatures and signifi
cantly lower GWP. For scenario 5, Mateu-Royo et al. [11] show similar 
COP for similar conditions considering district heating; nevertheless, for 
similar conditions to scenario 1 SS, the COP differs significantly, being in 
this paper higher. The compressor efficiency in each scenario is 
different; consequently, for scenario 1, SS is higher than in scenario 5; 
this can be observed in Fig. 13. Additionally, Mateu-Royo et al. [11] use 
an air source heat pump (ASHP) whose performance depends on 
ambient temperature, in this paper, a water-to-water heat pump is used. 

When it comes to the water-to-water heat pump comparison, Pietro 
et al. [18] made an experimental analysis of R-1234ze(E) for a range of 
heat source temperatures and determined heat sink temperatures, there 
are two conditions similar to scenarios 3 and 4; they present a COP 1.5 
and 3.1 respectively without IHX, in this paper, the COP is higher 
because does not take into account the pressure drop and the heat 
transfer to the surroundings; furthermore the experiment conditions and 
the compressor efficiency difference must be considered. Also, Moli
naroli et al. [19] made a similar analysis as [18], and for a similar case to 
scenario 6 with a lower compression ratio, their experiment presented a 
COP value of 1.8 with an SS system. This result shows that to improve 
the operational performance, a TSC is needed, particularly for high 

compression ratio scenarios. In this paper, scenario 6 achieves higher 
COP (2.87) even with a higher compression ratio because it uses cascade 
configuration and does not consider the conditions mentioned before for 
scenarios 3 and 4. 

Finally, regarding efficiency comparison, Fig. 13 compares 
compressor efficiency between R-1234ze(E) and R-134a within each 
scenario. For TSC LT, R-134a is compared with R-1234yf. The 
arrangement of scenarios in the figure is based on their evaporating 
temperatures, starting with Sc3 TSC LT at a 2 ◦C evaporating Fig. 8. Pressure ratio comparative between R-1234ze(E), R-134a and R-1234yf.  

Fig. 9. Discharge temperature comparative between R-1234ze(E), R-134a and 
R-1234yf with IHX. 

Fig. 10. COP comparative with and without IHX for R-1234ze(E).  

Fig. 11. COP comparative with and without IHX for R-134a.  
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temperature and concluding with Sc1 TSC HT at a 55 ◦C evaporating 
temperature. The results observed are because the compressor effi
ciencies are computed by utilizing both the theoretically calculated 
power and the actual power provided by the manufacturer’s software. 

Scenarios Sc1 SS, Sc2, and Sc3 TSC HT demonstrate the highest 
compressor efficiency, attributed to their evaporating temperatures of 
30 ◦C for Sc1 SS and Sc2, and 35 ◦C for Sc3 TSC HT. The corresponding 
condensing temperatures are 80 ◦C for Sc1 SS, and 65 ◦C for Sc2 and Sc3 
TSC HT. Whereas scenario 5 exhibits the lowest efficiency, it features an 
evaporating temperature of 50 ◦C and a condensing temperature of 
90 ◦C, leading to very high suction and discharge temperatures for the 
compressor. 

4.2. Carbon footprint analysis 

On the one hand, a carbon footprint comparison is conducted among 
scenarios utilizing R-1234ze(E) and R-134a in Spain, France, and Swe
den; taking into consideration the variations in the electrical mix among 
these countries, the emission factor of each country is 0.165 kgCO2 
kWh− 1 for Spain, 0.058 kgCO2 kWh− 1 for France and 0.009 kgCO2 
kWh− 1 for Sweden [20]. On the other hand, a comparison between the 
scenarios and a conventional boiler will be done to evaluate the po
tential reduction in emissions. 

The TEWI analysis needs a set of assumptions (Eq (1)). The leakage 
ratio (La) was determined utilizing data provided by the Australian 
Institute of Refrigeration [21], with an intermediate leakage ratio of 7% 
being adopted for this study. The system’s operational lifespan (n) has 
been set at 15 years [22]. The refrigerant charge (m) has been estimated 
based on the condenser’s kilowatt (kW) rating. Given that Q̇k is 100 kW 
for all scenarios, the charge was calculated as 0.7 kg kW− 1. Consequently, 
for a 100 kW, the refrigerant charge would be 70 kg. The same principle 
applies to TSC configurations, with 0.7 kg kW− 1 selected for each circuit. 
The refrigerant recycling factor (α) has been determined according to the 
Australian Institute of Refrigeration [21]. Given that the load is less than 
100 kg, a factor of 0.7 has been considered in this context. 

TEWI = GWP m La n+ GWP m (1 − α) + (Ea β n) (1)  

Fig. 14 presents a comparative analysis between R-1234ze(E) and R- 
134a across different scenarios in Spain. The figure shows that R-1234ze 
(E) exhibits lower emissions than R-134a, attributable to its lower GWP 
and superior performance in moderately-high temperature scenarios. 
Notably, scenario 2 displays the lowest emissions at 358 tCO2e, whereas 
scenario 6 records 740.36 tCO2e for R-1234ze(E). This disparity can be 
attributed to the performance difference between scenarios 2 and 6, 
with scenario 6 exhibiting the lowest COP at 2.87. In all scenarios, R- 
134a consistently emits more than R-1234ze(E). Therefore, from an 
environmental perspective, R-1234ze(E) demonstrates significantly 
lower emissions than R-134a. Moreover, it is noteworthy that the tCO2e 
values may vary based on the country, as illustrated in Fig. 15 for France 
and Fig. 16 for Sweden. 

Fig. 12. COP comparative with and without IHX between R-1234ze(E) and 
R-134a. 

Fig. 13. Compressor efficiencies comparative between R-1234ze(E) and R- 
134a for each scenario. 

Fig. 14. Emissions comparative between R-1234ze(E) and R-134a for every 
scenario in Sapin. 

Fig. 15. Emissions comparative between R-1234ze(E) and R-134a for every 
scenario in France. 
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The observed difference in emissions between R-1234ze(E) and R- 
134a is particularly pronounced due to variations in emissions factors 
between countries, resulting in a more significant difference in direct 
emissions. In France, scenario 2 emissions are 126.22 tCO2e, whereas in 
Sweden are 20.06 tCO2e. This discrepancy delineates the influence of 
regional emissions factors on the environmental impact of different 
scenarios. 

It is essential to consider those results because Mateu-Royo et al. [11] 
made a TEWI analysis for the same countries, and they obtained oppo
site results. In their case, Sweden emits the maximum and Spain the 
least; this is because they use ASHP in their study. Therefore, their heat 
pump depends on the ambient temperature, and as Sweden has the 
lowest ambient temperature, the ASHP consumes more energy than in 
higher ambient temperatures. In this paper, a water-to-water heat pump, 
whose COP and TEWI do not have a dependency on the ambient tem
perature is used, and this is a significant advantage of this heat pump; 
consequently, in this case, the emission factor is the parameter that 
makes TEWI different in those three countries. 

To compare scenarios and conventional boilers, the investigation 
will be conducted in Spain, specifically in Valencia. Valencia was 
selected as the study location because it is appropriate to represent one 
of the three European climates, specifically the warmer climate, as 
outlined in the European Directive 2010/30/EU [23]. 

The ASHP will be employed in the environmental comparison of 
scenarios three and four due to the application of the scenarios (simul
taneous production of heating and cooling). Consequently, they will be 
compared with a conventional boiler and chiller. It is important to note 
that for scenarios three and four, the emissions of the chiller will be 
added to those of the boiler. The cooling production is designated for a 
data cooling center, and the ambient temperature was computed using 
Fig. 17, accounting for the 2 ◦C evaporation in both scenarios. 

The chiller will operate when the ambient temperature exceeds 2 ◦C. 
Since ambient temperatures are consistently above 2 ◦C each month, the 
chiller is expected to operate throughout the year, except for scheduled 
maintenance downtime. The condensation temperature will be deter
mined as the average temperature over the year plus 10 ◦C, resulting in a 
chiller condensing temperature of 27.95 ◦C. 

On the one hand, Fig. 18 compares HP with a conventional boiler for 
scenarios exclusively dedicated to heating production. All scenarios 
exhibit a notable reduction in emissions, with scenario 2 demonstrating 
the most minor emissions (358 tCO2e) and the most substantial emission 
reduction. The emissions from the boiler were computed based on a 
conventional natural gas boiler with an efficiency curve provided by the 
manufacturer. The boiler emissions were projected over 15 years, the 
same as HP. The emission factor utilized is 0.163982 kgCO2e, given by 
the Spanish Ministry for Ecological Transition [24]. In this context, the 

boiler emissions reach 2290.95 tCO2e for scenarios 1, 2, 5, and 6. Note 
that the emissions of the boiler for those scenarios are the same; this is 
because the temperature range of those four scenarios barely changes 
the efficiency of the boiler according to the efficiency curve given by the 
manufacturer. 

On the other hand, Fig. 19 compares combined heating and cooling 
scenarios. Similar to the previous analysis, scenario 3, with its config
urations, and scenario 4 exhibit substantial reductions in emissions. In 
this instance, the combined emissions from the boiler and chiller reach 

Fig. 16. Emissions comparative between R-1234ze(E) and R-134a for every 
scenario in Sweden. 

Fig. 17. Ambient temperature in Valencia over the year [28].  

Fig. 18. Emission comparative between HP and conventional boiler 
for heating. 

Fig. 19. Emission comparative between HP and conventional boiler for heating 
and cooling. 
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2573.91 tCO2e for scenario 3 and 2543.28 tCO2e for scenario 4. In this 
case, the boiler’s emissions for scenario 4 are different from those of 
scenario 3 because scenario 4 temperature is lower than scenario 3, 
which means the boiler’s efficiency is increased. 

Fig. 20 illustrates the percentage reduction in emissions for each 
scenario. Scenario 2 demonstrates the most important reduction, with 
emissions reduced by 84.37%, whereas scenario 6 exhibits the most 
minor reduction, with emissions reduced by 64.28%. 

The results derived from Fig. 20 are attributed to the COP of each 
scenario. With a constant Q̇k of 100 kW for all scenarios, the variation in 
COP results from the actual power consumed by the compressor in each 
scenario. In Spain, TEWI is primarily influenced by the power con
sumption. Therefore, scenario 2 demonstrates the highest COP, indi
cating the lowest TEWI, while scenario 6 exhibits the lowest COP, 
signifying the highest TEWI. Fig. 21 visually represents this relationship 
for each scenario, illustrating that higher COP corresponds to lower 
TEWI and vice versa. 

Also, Mateu-Royo et al. [11] conducted emission reduction using a 
heat pump instead of a boiler; in their paper, there are similar cases to 

scenarios 1 and 5, comparing them to this paper, scenario 5 presents 
similar emissions reduction. Nevertheless, scenario 1 emissions reduc
tion differs, achieving higher emissions reduction in this paper. Con
trasting the results of this paper and Mateu-Royo et al. [11] paper, it is 
observed that ASHP and water-to-water heat pump performance may 
differ, even if the conditions are similar. The results obtained in this 
paper show the promising performance of integrating water-to-water 
heat pumps into DHC networks. 

4.3. Economic analysis 

In this section, an economic analysis of the HP for all six scenarios, 
each with its distinct configurations, will be done in Spain. A compar
ative evaluation is made between the HP and boiler, and in the cases of 
scenarios 3 and 4, a chiller as well. The economic evaluation of the HPs 
is divided into capital expenditure (CAPEX) and OPEX. 

On the one hand, the CAPEX englobe the expenses associated with 
each component of the HP and the boiler, as illustrated in Fig. 22. The 
scenarios exhibiting the lowest CAPEX are scenarios 2 and 1, while the 
TSC scenarios prove to be the most expensive due to the costs of their 
components. Notably, the boiler offers the least CAPEX. A plate heat 
exchanger is employed for each condenser, evaporator, and cascade heat 
exchanger. The pricing details are derived using Eq (2) [25]. The price of 
the three components (CHX) depends on the surface area of the 
condenser, evaporator, and cascade heat exchanger. 

CHX =
(

1397
(
A0.89
cond + A

0.89
evap

)
+ 2382.9 A0.68

CHX

)
0.91⋅2.065 (2)  

The equation is multiplied by 0.91 to convert the prices into euros and 
further scaled by 2.065 to adjust for the price update to 2022. However, 
determining prices requires knowledge of the heat exchanger’s area. The 
areas were calculated using Eq (3). The heat transfer coefficient (U) 
utilized in this instance is set at 1000 kW m− 2 K− 1 [25]. The rest of the 
components were selected from the manufacturer to obtain their cost. 

AHX =
Q̇HX

U ΔTLMTD
(3)  

On the other hand, OPEX depends on the energy consumed by the HPs, 
boiler, and chillers. For the HPs and chillers, the cost is due to electricity 
consumption, while for the boiler, it corresponds to the cost of natural 
gas. The installation has a life cycle of 15 years, during which electricity 
and natural gas prices are subject to change. This investigation considers 
the price evolution over fifteen years (from 2007 to 2022) in the OPEX. 
During the fifteen years, the Electricity prices range from 0.13 to 0.2957 
€ kWh− 1, and the gas prices range from 30 to 120 € MWh− 1 [26]. 
Notably, due to the energy consumption of the HPs in this study, the 
considered prices belong to band IB. 

The OPEX has been calculated using the average price because, for 
the majority of the fifteen years, the price is around the average; the 
maximum price occurs when there is a particular crisis in the respective 
sector. Fig. 23 shows the annual OPEX for scenarios exclusively 
compared with the boiler. In this context, the OPEX of the boiler remains 
consistent across all scenarios because, as mentioned before, its effi
ciency barely changes for those conditions. Fig. 23. Scenario 2 demon
strates the lowest operating costs due to its superior performance. 

Fig. 24 illustrates OPEX for scenarios compared to the chiller and 
boiler. The boiler for scenario 4 presents a different OPEX from scenario 
3 because it presents higher efficiency. In the economic viability study, 
the CAPEX costs of the chillers will be combined with those of the boiler 
when comparing scenarios 3 and 4. A similar approach will be taken 
with the OPEX. 

As observed in Figs. 23 and 24, some scenarios have a big potential to 
economically replace boilers because they present lower OPEX than 
boiler or boiler plus chiller, which allows a promising payback period 
(PBP). Lu et al. [27] also used this strategy for high-temperature cascade 

Fig. 20. CO2 equivalent emissions reduction achieved by employing a heat 
pump instead of a natural gas boiler. 

Fig. 21. Comparative between TEWI and COP for each scenario.  
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heat pumps for steam generation, and they obtained a promising PBP for 
their conditions. 

Fig. 25 illustrates the comparison between the Total Cost of 
Ownership (TCO) and emissions of the HP for each scenario over a 15- 
year life cycle. The comparison reveals that higher emissions corre
spond to a higher TCO, a consequence of the HP performance. As shown 
in Fig. 21, a lower TEWI indicates higher performance. This explains 
why scenario 2 exhibits a TCO of approximately half a million euros, 
whereas scenario 6 has a TCO of around one million two hundred 
thousand euros. 

Economic viability is evaluated based on the feasibility of using HP 
instead of a natural gas boiler. To calculate economic viability, the net 
present value (NPV) will be calculated using Eq. (4). Additionally, the 
internal rate of return (IRR) will be determined using Eq. (5), and the 
PBP will be calculated using Eq. (6). The initial investment (Io) is the 
CAPEX of the scenarios. The Io of the boiler and chillers are zero because 
it’s assumed to exist already. For calculating the cash inflow (CFt), the 
profit is determined as the OPEX of the boiler or the boiler plus chiller 
minus the cost of the HP. The discount rate (r) is computed taking into 
account the Consumer Price Index (CPI) in Spain, which stands at 3.20% 
as of May 2023. 

NPV =
∑

(
CFt

(1 + r)t

)

− IO (4)  

0 =
∑

(
CFt

(1 + IRR)t

)

− IO (5)  

PBP =
Io

Avarage Annual cash InFlow
(6)  

Table 4 presents the Net Present Value (NPV), Internal Rate of Return 
(IRR), and Payback Period (PBP) for financially viable scenarios. Sce
narios 1 (TSC), 5, and 6 are considered unfeasible due to their elevated 
energy consumption, leading to OPEX surpassing those of the boiler. In 
this paper the TSC configurations, except scenario 3, are not economi
cally feasible as opposed to Lu et al. [27] due to the conditions and 
compression ratio of scenarios 1 TSC and 6 TSC, they present high en
ergy consumption and high CAPEX surpassing the boiler in all aspects. 
Regarding the TSC configuration in scenario 3, CAPEX is double 
compared to the SS configuration, consequently the SS configuration is 
more viable. Notably, scenarios 3, SS, and 4 yield favorable results as 

Fig. 22. CAPEX of the scenarios, chillers, and boiler.  

Fig. 23. OPEX of the scenarios compared with the boiler.  

Fig. 24. OPEX of the scenarios compared with boiler and chiller.  
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they are compared to a boiler plus chiller. The inclusion of a chiller 
introduces additional OPEX, amplifying the comparative cost. This 
shows the advantage that HP demonstrates in the simultaneous pro
duction of heating and cooling. 

Furthermore, scenario 2, with its favorable conditions, offers low 
CAPEX and OPEX. Its minimal energy consumption results in a 
remarkably short payback period of 2.18 years. In contrast, scenario 1 
(SS) exhibits the least economic viability indicator due to its moderately- 
high temperature condition (Tk= 90 ◦C). However, it remains a viable 
alternative for applications requiring high temperatures. 

4.4. Global analysis 

Table 5 comprehensively summarizes the operational, carbon foot
print, and economic analyses. Among the six scenarios, scenario 2 ap
pears to be the most promising one. This scenario presents the highest 
COP, the lowest emissions, and a favorable PBP indicator. 

5. Conclusion 

This study proposes the implementation of an HP system utilizing R- 
1234ze(E) as an alternative to traditional natural gas boilers. The 
selected refrigerant, R-1234ze(E), offers the advantages of a low GWP 
and appropriateness for moderately-high temperature applications, 

being a viable substitute for conventional natural gas boilers in HP 
systems. The investigation contains six distinct scenarios, each one 
presenting a specific connection to the DHN or DHC, resulting in unique 
operating conditions for each scenario. 

These scenarios vary in their utilization of heat for heating to DHN or 
for simultaneous heating and cooling for DHC, as well as boiler appli
cations. Due to these diverse conditions, certain scenarios are examined 
with an SS configuration, whereas others employ a TSC configuration. 

Three analyses have been conducted in this study: an operational 
analysis, a carbon footprint analysis, and an economic analysis:  

• First, the Operational analysis reveals that incorporating an IHX into 
the HPs improves its COP. Scenario 2, with the lowest compression 
ratio, achieves the highest COP at 5.95, whereas scenario 6, with the 
highest compression ratio, records the lowest at 2.87. This implies 
that scenario 2 consumes significantly less energy than scenario 6, 
given a constant heat load at the condenser (Q̇k) of 100 kW for all 
scenarios. Other scenarios also demonstrate accurate COP values 
suitable for their respective applications. The analysis shows that the 
TSC configurations in scenario 1 underperform SS; in the case of 
scenario 3, it is the opposite. Compared to R-134a, most scenarios 
surpass its COP, especially those featuring moderately-high tem
perature conditions. 

• Secondly, the environmental analysis, conducted with an IHX, in
dicates that scenario 2 exhibits the lowest emissions, reaching 
358.02 tCO2e in Spain; in contrast, scenario 6 shows the highest 
emissions at 740.36 tCO2e due to its substantial energy consumption. 
The lower GWP of R-1234ze(E) compared to R-134a results in lower 
emissions across all scenarios. Additionally, calculating the TEWI for 
different countries reveals that when the emission factor is lower, the 
emissions are reduced and the direct emissions appear more rele
vant, leading to significant emission differences between R-1234ze 
(E) and R-134a. Compared to the natural gas boiler, all scenarios 
exhibit a crucial emissions reduction. Scenario 2, with the lowest 
emissions, also demonstrates the highest emissions reduction at 
84.37%, while scenario 6, with the lowest reduction, still achieves 
64.28%.  

• Finally, the economic analysis indicates that TSC configurations have 
the highest CAPEX due to their additional components. As seen in 
scenarios 1 and 2, the SS configurations exhibit the lowest costs at 
35160.91 € and 37717 €, respectively. Regarding OPEX, scenario 2 
stands out with the lowest cost, reflecting its superior operational 
performance, at 25274.91 €, while scenario 6 records 52286.49 €. 
The economic viability study shows that only scenario 1 (SS), sce
nario 2, scenario 3 (SS), and scenario 4 are economically viable. Due 
to their high OPEX, the remaining scenarios cannot compete with the 
boiler in terms of affordability. Scenarios 4 and 2 show the most 
favorable outcomes with PBP of 1.96 and 2.18 years, respectively. 

In summary, the paper shows that scenario 1 is a viable solution in 
district heating for industrial processes, scenario 2 is a viable solution for 
other applications of district heating with high energy efficiency, and 
scenarios 3 and 4 are viable solutions for simultaneous production heat 
and cooling for district heating and cooling networks. All scenarios are 

Fig. 25. Comparative between TEWI and TCO for N = 15 years.  

Table 4 
NPV, IRR, and PBP for financially viable scenarios.  

Scenarios NPV (€) IRR PBP (years) 

Scenario 1 SS  34680.01  17.9%  4.70 
Scenario 2  136371.74  39.4%  2.18 
Scenario 3 SS  77942.78  23.6%  3.67 
Scenario 4  205635.29  43.6%  1.96  

Table 5 
Summary of the analysis results for each scenario.  

Scenario Configuration COP (¡) Emissions in Sapin (tCO2e) PBP (years) 

Scenario 1 SS  4.11  517.47 4.70 
TSC  3.28  648.57 −

Scenario 2 SS  5.94  358.02 2.18 
Scenario 3 SS  2.95  719.82 3.67 

TSC  3.07  693.52 −

Scenario 4 SS  4.06  524.35 1.96 
Scenario 5 SS  3.42  620.76 −

Scenario 6 TSC  2.87  740.36 −
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viable environmentally and economically compared to natural gas 
boilers (except scenarios 5 and 6 in the economic case). This makes the 
moderately-high-temperature heat pumps in the first four scenarios 
more attractive in the market than the low-cost natural gas boiler. 

This paper is limited to a theoretical simulation using manufacturer 
data and boundary conditions considered. In practice, conditions may 
differ from simulated results. In practical applications, factors such as 
compressor efficiency, pressure drop, heat transfer to the surroundings, 
and operational limitations can introduce differences that are not fully 
captured in theoretical models. Consequently, for future work, the sce
narios considered in this paper will be experimented at the laboratory 
using a prototype heat pump based on the configurations employed in 
this paper to evaluate the operational and carbon footprint feasibility. 
Furthermore, other refrigerants will be tested, such as mixtures of HFO 
with low GWP; in this case, the conditions will be identical or nearly 
identical depending on the thermodynamical properties of the mixtures. 
Also, a sensitivity analysis will be conducted, and uncertainties will be 
considered. 
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