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Abstract

Large-scale heat pumps are considered a mature technology for integration into new district heating networks
and for decarbonizing existing ones that currently rely on fossil fuels. Among the available heat sources, air-
source heat pumps offer a universally applicable solution. However, in cold and humid climates, frost
formation becomes a critical issue, affecting the performance of the multi air-to-refrigerant evaporator system.
To ensure uninterrupted service to the district heating network, defrosting of the evaporators must be non-
simultaneous, but this necessary operation inevitably impacts overall system performance. This study involves
a novel model designed to estimate the seasonal performance of this kind of systems, based on a detailed
dynamic model of the evaporator field, capturing the behaviour of each individual heat exchanger, including
their frosting and defrosting cycles. The aim of this work is to quantify the impact of frost formation on
seasonal efficiency, exploring a domain of 20 evaporator field configurations and 4 time-based defrosting
strategy settings for a case study located in Harbin, China. Using total costs as performance parameter, the
configurations analysed resulted in a maximum of about 16% difference between the best and worst solutions.
Configurations with a wide fin pitch proved to be the most convenient regardless defrosting strategy. Instead,
the best defrosting strategy on average was the one with the lowest frequency, due to the low mean ambient
temperature and humidity of the location. Nevertheless, it is the combination of field configuration and
defrosting strategy to define the proper optimal solution, valid in the chosen case study.
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1. Introduction

The decarbonization of the heating sector represents one of the main challenges to achieve global climate
targets. At the present time, almost half of the global final energy consumption is associated with heat
production, and the sector remains heavily dependent on fossil fuels [1]. Electrification through vapor
compression heat pumps is widely recognized as one of the most effective strategies to reduce both primary
energy consumption and CO; emissions.

District heating networks are expected to cover nearly 20% of the heating demand in Europe by 2050,
representing a particularly promising field of application for large air-source heat pumps [2]. These systems
offer operational flexibility, can be integrated into existing thermal infrastructures, and are suitable to be
coupled with renewable electricity production. Typical large-scale installations rely on ammonia as working
fluid arranged in two-stage cycles, equipped with screw compressors and extensive evaporator fields made up
of fin-and-tube heat exchangers operating in parallel. These kinds of configuration allow high heating
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capacities but also introduce complex interactions between refrigerant-side two-phase flow and air-side heat
and mass transfer.

A critical operational issue for air-source heat pumps in cold and humid climates is frost formation on the
evaporator coil surface. Frost accumulation leads to a progressive reduction of the heat transfer coefficient and
air flow rate, causing a significant drop in heating capacity. To get back to the nominal performance, defrosting
cycles must be operated, typically through hot-gas bypass or hot fluid secondary loops. In large-scale
installations, where tens or even hundreds of evaporators operate in parallel, defrosting must be performed in
a rational way to ensure uninterrupted service to the district heating network. Consequently, frost formation
and defrosting cycles have a direct impact on seasonal performance and must be carefully considered in the
design and control of such systems.

The scientific literature provides several analyses on frost formation mechanisms, mainly focused on small
and medium-size heat pumps. Several studies have investigated the physics of frost growth on flat or finned
surfaces, providing experimental and theoretical benchmarks still widely adopted. The works of Tao et al.
(1993) [3] and Lee et al. (1997) [4] developed mathematical models describing frost densification, growth
kinetics, and the evolution of frost-layer thermal properties under forced convection. Na and Webb (2004) [5]
extended these approaches by proposing a new generalized correlation for frost growth rate, which has become
a common reference for the development of dynamic models. More recent works such as Li and Wang (2021)
[6] reviewed, compared and unified numerous predictive models for frost formation on plain surfaces,
highlighting the influence of environmental conditions such as humidity gradient, surface temperature and
airflow rate. Several detailed modelling studies have focused on dynamic simulations of frosting and defrosting
cycles for single evaporators. Ma et al. (2023) [7] proposed a high-resolution dynamic modelling framework
accounting for both frost growth and reverse-cycle defrosting, validated experimentally but limited to short-
time operation windows. Bai et al. (2023) [8] investigated frosting behavior on an innovative novel dual-fan
coils geometry, showing how geometric features strongly influence the time evolution of frost resistance and
air-side pressure drop. These contributions provide valuable insight into local frosting phenomena but remain
limited to isolated components.

Other authors have applied simplified approaches, such as seasonal performance models relying on
empirical frost-penalty factors or operating maps. Bagarella et al. (2016) [9] developed a dynamic seasonal
simulation including an average frost thickness correlation to trigger electric defrosting cycles, while Milev et
al. (2023) [10] showed that the number of required defrost cycles increases sharply when the mean ambient
temperature decreases, especially when simplified correlations are used. Liu et al. (2022) [11] proposed
condensing-frosting performance maps for variable-speed heat pumps, offering averaged performance
indicators but lacking the capability to reproduce complex interactions within multi-evaporator fields.

Recent reviews, such as that by Song et al. (2018) [12], emphasize that while extensive research exists on
single-coil systems, large air-source heat pumps present unique challenges. In particular, the presence of many
evaporators operating in parallel, each with different frosting histories, introduces strong non-uniformities in
airflow distribution, frost accumulation rate, and defrosting needs. On this regard, there is currently a clear gap
in the literature regarding physically detailed dynamic models capable of capturing the behavior of entire
evaporator fields with alternating defrosting cycles. Existing works either neglect the problem or treat it
through simplified correlations that may significantly misrepresent the seasonal efficiency.

To overcome this gap, the present study introduces a new dynamic modelling for the seasonal performance
assessment of large air-source heat pumps designed for district heating applications. The main novelty is the
detailed representation of each evaporator within the field, allowing independent simulation of frosting and
defrosting dynamics as well as their mutual influence on the overall system operation. This approach enables
a more accurate estimation of the seasonal energy consumption and provides a tool for identifying thermo-
economic optimal configurations in terms of field geometry and defrosting strategy.

The paper is organized as follows. Section 2 describes the heat pump architecture and the evaporator field.
Section 3 presents the dynamic modelling framework for frosting and defrosting, whereas Section 4 illustrates
the system-level integration and the seasonal simulation methodology. Finally, Sections 5 and 6 discuss the
results and provide the main outcome of this work.

2. Large size air-source ammonia heat pump system

A two-stage compression thermodynamic cycle with a wet direct expansion is the architecture of the large
size ammonia heat pump considered in this work. A multi-evaporator system made by parallel fin and tube
heat exchangers realizes air-refrigerant heat transfer. A hot gas bypass system is involved for defrosting
operations. The system scheme is shown in figure 1(a) with the related temperature-specific entropy
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thermodynamic chart. The thermodynamic assumptions and main equations are detailed reported in previous
work as well as the definition of the district heating network demand Qp during the heating season [13]. The
power consumption from low- and high-pressure compressors (Lg; and Lg, respectively) consider the
eventual defrosting operation as follows:

LCl + LCZ = (mint + mhgbp) ' (hz - hl) + (mco + mhgbp) : (h4 - h3) (1)

Considering also the auxiliary components consumptions L, (i.e. recirculating pumps and axial fans of
the evaporator field), the COP is defined as follows:
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Figure 1. (a) Schematization of the large size ammonia heat pump modelled with hot gas bypass system [13] and (b) its thermodynamic
cycle on the temperature-specific entropy chart.

3. Evaporator field modelling

Each evaporator of the field, as depicted in figure 2, can be characterized by an overall conductance (UA),
that is affected by two possible operating conditions: free surface or frost formation. In case of defrosting,
some evaporators are not providing cooling capacity, having a fraction of the total number of evaporators that
are considered operating (Ngy,qc¢). The active part of the field defines the global conductance UAfeq, having
the field cooling capacity Q... The operating evaporation temperature is the one that satisfies the cooling
capacity defined by the heat transfer modelling of the evaporator field and the thermodynamic cycles as
expressed in Egs. (3).

Qev = UAfieldATair—ref
UAicia = Zny™ UA, (3)

n=1

Qev = MepAhp Xy,
3.1. Evaporator modelling with frost formation

To achieve detailed modelling of the heat exchanger, the single fin-and-tube evaporator of the field (figure
2) is analysed using the "tube-element" approach. This modelling technique discretizes the fin-and-tube coil
into multiple elements, allowing for separate energy balance calculations to be performed on both the air and
refrigerant sides of every section. All the details regarding the heat transfer evaluation are provided in the
previous work [13]. The cooling capacity of the single evaporator is evaluated through the sum of the
elementary contributions of the elements dividing the refrigerant circuit multiplied by the number of parallel
circuits N, constituting the fin and tube coil (neglecting uneven distribution on the refrigerant side due to the
use of a wet direct expansion system).

Qev = N¢ Xk Qref,k 4)
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Whenever the surface temperature of the heat exchanger element is both below the dew point of moist air
and 0°C a frost formation transient is considered. The growth and densification of the elementary frost
thickness is defined by the application of the Hermes et al. approach [14] to divide the total frost mass flux G
in the growth and densification contributions, named G, and G, respectively.

Gy =Gy +Gg = Km(wair - wsurface) ®)]

The actual air flow rate is determined by finding the operating point where the air-side pressure drop across
the evaporator equals the pressure provided by the axial fan's characteristic curve.
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Figure 2. Schematization of the tube element approach for a multi-evaporator system
4. Case study description and simulation plan
4.1. Case study

In this work, an evaporator field linked to a 7 MW heat pump that serves a district heating network located
in Harbin (China), providing hot water at 60 °C with a 30 °C return temperature, is investigated. The selected
location is characterized by a continental climate which features very low average winter temperatures (-13
°C) and consequently low average specific and relative humidity (about 60%) as described in figure 3.
Although weather conditions of this kind are unfavourable for the performance of an air source heat pump,
open available water sources could be useless due to freezing issues, thereby supporting the use of this kind of
heat pump. Furthermore, the dry climate means that the potential for frost formation is less severe than in
climates with higher average temperatures but higher humidity.
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Figure 3. Harbin climatic conditions (data taken from The Joint Research Centre: EU Science Hub - PVGIS)
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4.2. Seasonal simulation domain

The design of the evaporator field involves the appropriate definition of the total surface area and heat
exchange performance. Combining all geometrical features of a fin-and-tube heat exchangers, the number of
evaporators, and the axial fan characteristics, a potential design domain of millions of configurations is
obtained. However, considering also the influence of design variables on frost formation intensity, it is possible
to obtain a subset of key design variables composed as follows: number of evaporators, nominal airflow
velocity, fin pitch and fin type. Considering a domain spanning from 60 to 120 evaporators, 1.5 to 4.5 m/s
airflow nominal velocity and 6 to 12 mm fin pitch for both wavy and louvered type, hundreds of configurations
can be defined. However, the high computational time required for detailed seasonal simulations prevents the
exploration of this entire domain. Therefore, following the same approach applied in another case study [13],
a group of convenient thermo-economic solutions in terms of total costs in design conditions, is extracted from
the mentioned domain. In particular, 20 configurations, whose characteristics are resumed in table 1, have been
selected.

The sum of total energy consumption Eg,ns and the field investment cost Crieq (provided by the
manufacturer) defines total costs Cy,;. The specific cost of energy is a reference fixed value for the selected
location and the running period y considered is equal to 10 years.

Ctot = Econs * Cen -y + Cfield (6)
The integration during the heating season of the instantaneous COP defined in Eq. (2) defines the seasonal

coefficient of performance (SCOP). Therefore, total energy consumption is defined by the ratio of the total
heating demand of the district heating network Epyy and the SCOP.

_ Epun
Econs = SCOP @)

Given the zero direct environmental impact of ammonia (GWP = 0), SCOP becomes representative of the
environmental impact of the system.

Table 1. Selected design configurations for seasonal simulation assessment

Fin type Airflow velocity [m/s] ~ Finpitch  Evaporator field size

Louvered 1.5 6 60-80-100
9 80-100
25 9 60-80-100
12 60-80-100-120
Wavy 25 6 60
9 60-80-100-120
12 80-100-120

The selected configurations of table 1 are analysed through seasonal simulations. The defrosting strategy
implemented is temperature-time based. The trigger time to start defrosting is defined from reference frosting
transient simulations for a single evaporator in a critical combination of heating demand by the network and
ambient air conditions. The average time for all selected configurations required to reach a cooling capacity
decay of -30% and -60% with respect to frost-free evaporator is used as trigger time. For this case study 20
and 40 hours are used.

Furthermore, to not interrupt the service to the network, the number of evaporators to be defrosted
simultaneously is equal to fraction of 10% or 20% of the field. A proper time-shifting of trigger defrosting
time is assumed when all evaporators start frosting simultaneously after a frost-free operating period.

The permutation of the selected field configurations and the defrosting strategy settings leads to a total plan
of 80 seasonal simulations that have been executed in MATLAB using parallel computing techniques for the
evaporator field.
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5. Results

The best and worst cases resulting from the seasonal simulation domain are described in table 2. The relative
comparison between the simulations is shown as the percentage difference in total costs compared to those
relating to the best solution ACy¢0,. A wavy fin type with 9 mm pitch, 60 evaporators and a nominal airflow
velocity of 2.5 m/s characterize the best case. Instead, the worst configuration presents a louvered 6 mm fin
pitch, 100 evaporators with a nominal airflow velocity of 1.5 m/s. The maximum difference between the best
and worst solutions is of approximately 16%, with an average value of around 5%. In terms of design
conditions, the configurations differ by a maximum of 1.5%. The resulting maximum difference is significantly
smaller if compared to another case study characterized by a more wet climatic conditions, where the maximum
difference was around 70% [13].

The reason for this narrower range is the impact of frost formation and defrosting cycles on seasonal
performance. Specifically, the fraction of the heating season spent in conditions favourable to frost formation
is equal to 17% for Harbin, a geographic area of low or intermediate frost criticality.

Table 2. Best and worst solutions for the investigated seasonal simulation domain

Fin type Airflow velocity [m/s] ~ Finpitch  Evaporator field size ~ Defrosting strategy ~ AC4¢.0, [%]
Best case Wavy 2.5 9 60 20% - 20h 0.0 %
Worst case  Louvered 1.5 6 100 10% - 20h 16.3 %

Figure 4 shows the overall seasonal simulation results with respect to investigated defrosting strategy
settings. Specifically, the best strategy for Harbin is the one involving the least frequent defrosting: defrosting
20% of the field every 40 hours. This finding is supported by a clear downward trend in the 75™ percentile
value, which decreases from 11.3% to 4.5% as defrosting frequency reduces (even accounting for the effect of
design features). For example, the total number of defrosts varies significantly, from approximately 760 in the
most frequent combination to approximately 220 in the least frequent one.

Therefore, the least frequent strategy is, on average, the best because of Harbin's low overall need for
defrosting. This minimizes the energy and time spent on defrosting without incurring a significant penalty
from frost accumulation, leading to lower overall costs.

However, the best case presents a 20%-20h defrosting strategy, suggesting that each geometry has its own
optimal combination of defrosting parameters.
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Figure 4. The effect of defrosting strategy settings on total cost percentage difference

Since the investigation of defrosting strategy options is not exhaustive in the search for the optimal
combination, the configuration of the design parameters most resilient to the defrosting strategy is analyzed
below. In this regard, table 3 presents the average SCOP and total cost increase AC.,¢q, for each of the 20
configurations (i.e. the average of the four simulations for each configuration resulting from the defrosting
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strategy permutations). Fins with a pitch of 9 or 12 mm and an airflow velocity of 2.5 m/s are the features of
the best configurations. The design features set related to the best case of table 2 are the fourth in terms of
average values, but performing better than its counterparts with 80, 100 and 120 evaporators. A higher number
of modules, with the other parameters remaining the same, implies a larger total heat exchange surface area,
thus offering an advantage in terms of evaporation temperature. This can be seen from the SCOP values without
frost formation rising from 3.15 for 60 evaporators to 3.21 for 120 evaporators. However, a higher number of
evaporators leads to higher defrosting consumption and, since these defrosting cycles are often unnecessary,
the solution with the lowest number of modules is the most cost-effective.

Table 3. Averaged seasonal simulation results for each evaporator field configuration

Fin type Fin pitch [mm] Evaporator field size Airflow velocity [m/s] SCOP (no frost) Scop ACot9, [%0]

Louvered 12 80 2.5 3.18 2.90 1.3
Louvered 9 60 25 3.15 2.86 2.3
Wavy 12 100 25 3.18 2.87 24
Wavy 9 60 2.5 3.15 2.85 2.7
Louvered 9 100 25 322 2.89 3.0
Louvered 12 100 2.5 321 2.86 3.5
Louvered 12 60 25 3.11 2.81 3.9
Wavy 12 100 25 3.19 2.81 53
Louvered 12 120 2.5 3.20 2.82 5.6
Wavy 9 100 25 3.19 2.79 6.0
Louvered 9 100 1.5 322 2.80 6.1
Louvered 9 80 25 3.17 2.78 6.2
Wavy 12 120 25 3.20 2.80 6.3
Wavy 9 80 25 3.18 2.78 6.4
Wavy 9 120 25 321 2.79 7.2
Louvered 6 80 1.5 3.20 2.77 7.5
Louvered 9 80 1.5 3.19 2.74 7.7
Wavy 6 60 2.5 3.15 2.72 8.5
Louvered 6 100 1.5 3.20 2.74 10.1
Louvered 6 60 1.5 3.17 2.69 10.3

6. Conclusions

This study analyses the seasonal performance of a large air-source heat pump for district heating equipped
with a multi-evaporator system installed in Harbin, China. In particular, 80 seasonal simulations were
performed by varying both the main characteristics of the evaporator field (number of modules, fin pitch and
type, and air velocity) and the main parameters to be set for time-temperature defrosting.

The combination of the effect of geometric parameters and defrosting led to a maximum difference in total
costs of approximately 16%. The most cost-effective defrosting strategy, on average, proved to be the one with
the least frequent defrosting (20% of the field every 40 hours), showing how predefined time-based defrosting
logic can result in unnecessary defrosting for the specific location chosen. Instead, the more convenient design
parameters combinations, on average, tend to be characterized by fin pitches of 9 or 12 mm and an air velocity
of 2.5 m/s. However, the best solution (9 mm wavy fins, airflow velocity of 2.5 m/s and 60 evaporators)
presents the fourth best design parameters combinations and features an intermediate defrost strategy (20% of
the field every 20 hours).

Therefore, the main outcome of the study is the following: the average results with respect to a design
parameter or a defrosting strategy setting can provide an indication to reach a subdomain of thermo-economic
convenience, but it is the combination of effects of both design and defrosting variables that leads to the best
seasonal performance, confirming the need for a detailed comprehensive analysis for each case study.
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Nomenclature
h Specific enthalpy [kl/kg]
Ahy, Liquid-to-vapor latent heat [kJ/kg]
K Mass transfer coefficient [kg/(m?s)]
m Mass flow rate [kg/s]
x Vapor quality [-]
Greek
@ Specific humidity [kguro/kgair]
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