
Research Article
A Comprehensive Technoeconomic and Environmental
Evaluation of a Hybrid Renewable Energy System for a Smart
Farm in South Korea

Karim Rabea ,1,2 Stavros Michailos,3 Godfrey T. Udeh,1 Jiseon Park,4 YongWoon Lee,4

Seongil Kim,4 Won Yang,4 Kevin J. Hughes,1 Lin Ma,1 and Mohamed Pourkashanian1

1Energy 2050, Department of Mechanical Engineering, The University of Sheffield, Sheffield S3 7RD, UK
2Department of Mechanical Power Engineering, Faculty of Engineering, Tanta University, Tanta 31521, Egypt
3School of Engineering, Faculty of Science and Engineering, University of Hull, Hull HU6 7RX, UK
4Carbon Neutral Technology R&D Department, Korea Institute of Industrial Technology, Cheonan-si,
Chungcheongnam-do 31056, Republic of Korea

Correspondence should be addressed to Karim Rabea; kelamawy1@sheffield.ac.uk

Received 17 February 2023; Revised 20 June 2023; Accepted 24 June 2023; Published 14 July 2023

Academic Editor: Geng Chen

Copyright © 2023 Karim Rabea et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The farming sector like any other industry needs to be decarbonized. Hence, it is essential to meet the energy demands of the
farms by adopting energy systems with a low-carbon footprint. Depending on the weather conditions, heating or cooling is
needed. Within this context, this study presents a new hybrid renewable decentralized energy system that is designed to satisfy
the requirements for heating, cooling, and electricity of a smart farm in South Korea. The under-investigation energy system
comprises solar PV arrays, heat pumps, thermal energy storage tanks, and a wood pellet boiler. This study is the first to
conduct an inclusive techno-enviroeconomic assessment of such a hybrid energy system by utilizing actual meteorological data
on an hourly basis. This enables the model to be dynamic and facilitate accurate and reliable assessments. The modelling
efforts have been performed in Aspen Plus and MATLAB to investigate the thermodynamic behaviour of the system. The
investigation shows that the proposed system has achieved a daily average temperature of around 23.9°C inside the farm
throughout the year with a standard deviation of 2.16°C. For the economic assessment, the levelized cost of energy has been
selected as the main economic indicator, and this has been estimated at $0.218/kWh. It is found that the PV panels and the
biomass boiler dominate the capital expenditures, and the biomass feedstock is the major contributor to the operating
expenditures. Further, the proposed energy system reduces CO2 emissions, by up to 88.94%, when compared to conventional
fossil-based energy systems. The outcomes of this study represent a holistic evaluation for such a low-carbon hybrid energy
system when applied to greenhouses in Korea and in similar locations.

1. Introduction

The globally unprecedented pace of climate change has
introduced a new dimension to the generation and con-
sumption of energy, and this has been exacerbated by the
existing energy crisis. Therefore, most countries have
attempted to accelerate their rate of implementing renewable
and sustainable energy sources, since this is a very important
and vital approach for all the world to reduce the reliance on
fossil fuels. One pathway that is being explored to achieve

this transition is encouraging, namely, the development of
hybrid energy systems, especially from the use of the avail-
able local renewable sources, such as biomass and solar [1].
In addition, most governments have implemented several
interesting policies that could incentivise the deployment
of clean energy solutions. Some of these policies are pre-
sented in the form of investment grants, feed-in tariffs,
feed-in premiums, and green energy credits [2]. One of the
most interesting initiatives was the introduction of the con-
cept of “prosumers of energy,” which has opened the door

Hindawi
International Journal of Energy Research
Volume 2023, Article ID 4951589, 18 pages
https://doi.org/10.1155/2023/4951589

https://orcid.org/0000-0003-3605-2171
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/4951589


for the utilization of different clean and renewable energy
sources [3, 4]. This can be in the form of hybrid energy sys-
tems, which introduce several ingenious strategies to
improve the energy efficiency, such as the cogeneration of
heating and electricity.

Recently, the agricultural sector in the Republic of Korea
has been paying more attention to the mitigation of the
GHG emissions, and this is believed to be possible to be
attained through the employment of smart farms as a
replacement to the traditional farms [5]. The aim of the
smart farms is to achieve the prosumer concept, in which
the energy is produced from the renewable sources and con-
sumed on site. In addition, the excess energy is supplied to
the grid or stored. However, the smart farms require high
investment costs to meet the high energy demands which
are mainly required for the heating purposes [6]. About
53.4% of the total energy consumed by the agricultural sec-
tor is devoted to the heating and cooling systems, where this
demand is mainly covered by fossil fuels [7]. Therefore, the
need to develop an efficient and cost-effective energy system
based on renewable energy sources is necessary to meet the
carbon neutralization targets [8, 9]. It is important to note
that the agricultural sector in the Republic of Korea targets
to achieve 4.8% of the total national targeted emission
reduction of CO2 [6]. This can be achieved by adopting dif-
ferent renewable energy sources in hybrid configurations.

It is important to note that the cogeneration of power
and heat from the hybrid renewable energy systems can
increase the efficiency and the reliability of such a system
while maintaining low-carbon emissions. The photovoltaic
power generation has evolved significantly over the recent
years, and it has been proved to be suitable and reliable to
produce energy over a long period of time [10]. Also, when
it comes to the efficient heating equipment, the heat pumps
are on top of the list for power-to-heat applications, with a
high coefficient of performance (COP) that can reach over
6 as reported in [11]. The heat pumps can be distinguished
by one of the two main types, ground-source heat pump
(GSHP) and air-source heat pump (ASHP).

Many research studies have been conducted to evaluate
the performance of the GSHP for greenhouse heating and
cooling purposes. For instance, Chai et al. [12] investigated
the performance of a GSHP for greenhouse heating as a
replacement of the traditional coal- or gas-fired heating sys-
tem in Beijing, China. The heat pump has proved its suit-
ability to satisfy the heating load with an average COP of
3.87 at even lower daily heating cost than the gas-fired heater
by an average of 10.15%. In addition, even though the GSHP
was not cost-competitive against the coal-fired heater, the
environmental impact should be taken into consideration.
Similarly, Luo et al. [13] compared the thermoeconomic per-
formance of a coal-fired heating system against a GSHP for
greenhouse heating in China. The maximum thermal effi-
ciency of the boiler was 68%, while the COP of the heat
pump was 3.3 for cooling and 4.1 for heating, and this rep-
resents a high level of energy savings by the employment
of the heat pump. Furthermore, the considered lifetime of
the coal-fired boilers is short, 10 years vs. 20 years for the
GSHP. This in turn favours the economic performance of

the GSHP over its lifetime, where the average energy price
was $0.023/kWh and $0.04/kWh for the cooling and heat-
ing, respectively, whereas for the coal-fired boiler, it was
$0.052/kWh. The significant difference between the COPs
of the heat pumps and the thermal efficiencies of the con-
ventional systems also implies high CO2 emission reduction
(CO2ER). For instance, the heat pump has achieved an aver-
age reduction of 43.25% when compared to the coal-fired
heating [12]. Interestingly, these high COPs favoured the
economic and environmental performance, and this still
can be observed for combined systems. In a study conducted
in Japan by Zhou et al. [14], they showed that combining a
GSHP with a fuel oil heater as a hybrid system for green-
house heating can reduce the energy consumption by
22.8% and the CO2 emissions by 35.5% when compared to
the employment of only an oil heater.

The performance of the heat pump can be further
improved by utilizing solar energy, which can be in the form
of thermal energy or electrical energy. The solar thermal
energy can be employed to heat the water or the air for the
evaporator of the heat pump using the solar collectors [7,
15–18]. In order to evaluate this integration, Hassanien
et al. [16] have investigated the feasibility of implementing
a solar-assisted heat pump for the heating of a greenhouse
in China. The integration was achieved by employing an
evacuated tube solar collector with an efficiency of 49% to
heat the water for the heat pump. Through this integration,
the solar collector, by itself, has supplied more than 35% of
the heat demand over one year. This represents the esti-
mated energy savings over one year from this integrated sys-
tem, which is mainly attributed to the contribution of the
solar thermal energy that increases the COP of the heat
pump [15].

Recently, in order to reduce the carbon footprint even
further, the PV technology has been increasingly adopted
for the power generation as well as for heating and cooling
purposes through the integration with the heat pumps [10,
19]. For heating purposes, Russo et al. [20] compared the
environmental impact of a GSHP powered by solar PV
panels and the grid to an LPG-based heat generation system
in Italy. It was found that the GSHP-PV combination has
achieved a 50% emission reduction of CO2 relative to the
LPG-based heating. This can be even higher, up to 80%,
when compared to an electricity-based heating system based
in the Netherlands [21]. Also, for the PV-based combined
heating and power system (CHP), Yildirim and Bilir [22]
have evaluated the performance of such a system in a green-
house by employing solar PV panels along with a GSHP to
provide power and heat to the farm with low emissions in
Turkey. The PV system has satisfied between 33.2% and
67.2% of the total energy demand during the summer
months, but the net annual coverage ratio of the energy load
by the solar PV panels varied between 86.6% and 104.5%.

It can be observed from the literature that integrating the
solar energy with the heat pump represents a promising
approach to mitigate the environmental impact of a green-
house CHP system. However, there are several limitations
on the performance of the solar energy systems (i.e., the col-
lectors and the PV panels), which are mainly associated to
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the weather condition. To overcome these limitations, the
solar PV panels can be backed up by electricity from the grid
to run the heat pump when applicable. In addition, the heat
pump is commonly integrated with a boiler as a backup heat
source to the solar collector, or as an alternative to the heat
pump itself. In this regard, biomass-fuelled boilers are con-
sidered as carbon neutral systems, especially when the bio-
mass is grown at a rate equivalent to, or more than, its
consumption. The other advantage of biomass-based sys-
tems is their ability to run on several locally available bio-
mass fuels [23]. Finally, the utilization of actual
meteorological data is of paramount importance for carrying
out accurate technoeconomic and environmental assess-
ments [12].

In particular, in the Republic of Korea, a hybrid system
of a hydrothermal heat pump and a wood pellet boiler has
been investigated for greenhouse heating [24]. The hybrid
system has achieved higher thermal efficiency and lower
running cost than the pellet boiler alone. Also, when com-
pared to the conventional fossil fuel boiler, the carbon emis-
sion has been reduced by up to 71% [24]. However, when the
system is integrated with a solar water heater, lower energy
efficiency has been estimated, and therefore, it was not
cost-effective. This is due to the limited availability of heat
during the winter season in Korea. On the other hand, the
PV-based hybrid systems can represent a more suitable
approach, especially during cold periods. In addition,
another advantage of the PV-ASHP energy system is the
ability to run the heat pump for the farms in rural areas
(off the grid), and in case of the grid-connected PV systems,
the surplus electricity can be exported to the grid.

To the best of our knowledge, there is no study on solar
PV-ASHP hybrid systems for greenhouse heating in Korea.
Also, the previous studies are time-constrained, as they con-
sider only a few operational days of the year, and this repre-
sents a shortcoming in the economic and environmental
assessment. In view of these, the present study is aimed at
investigating the performance of a hybrid renewable energy
system comprising PV solar panels coupled with ASHPs
and a wood pellet boiler to supply the energy demand of a
smart farm in the Republic of Korea. In order to evaluate
the feasibility of such a system, a comprehensive technoeco-
nomic and environmental investigation has been conducted.
The model utilizes the onsite operating data of the farm
along with the hourly based meteorological data that is
obtained from the same location. The outcomes of this study
can and do provide meaningful insights into the viability of
such a hybrid energy system and how it can contribute to the
transition of the agricultural sector towards renewable
decentralized energy solutions in Korea and in similar loca-
tions. Further, due to the modularity of the individual energy
components, the proposed energy system has great scalabil-
ity potential.

2. System Description

The smart farm that is investigated is located at the Jeolla-
namdo Agricultural Research and Extension Services, 1508,
Senam-ro, Sanpo-myeon, Naju-si, Jeollanam-do, Republic

of Korea. Figure 1 shows a schematic overview of the farm
in addition to examples of the cultivated crops in 2021.
The farm’s total area is 1,378m2 and the height is 4.2m.

The under-investigation energy system is an integration
of solar PV-powered heat pumps and a backup wood pellet
boiler in order to improve the reliability of the system. The
system conditions the air in the farm all year round, and
hence, it operates in winter and summer modes. Throughout
the year, the grid-connected solar PV system is the primary
source of power, and it is used to operate the heat pumps,
the water circulation circuit, and the fan coil units (FCUs).
The PV panels operate throughout the whole year, regard-
less of how much the heat pump operates, while any defi-
ciency or excessiveness of the solar power is backed up and
balanced by the grid. In case of the absence of solar energy,
the wood pellet boiler is engaged to satisfy the heat load of
the smart farm; this is only necessary for the wintertime.
When no heating or cooling is required by the greenhouse
farm, all the energy from the solar PV panels is exported
to the grid. The actual layout of the piping configuration
for the smart farm energy system is presented in Figure 2.

The layout exhibits the configuration of the energy sys-
tem that is planned to be commissioned. The smart farm is
designed to be sectioned to two planting areas (60%, i.e.,
1st smart farm, and 40%, i.e., 2nd smart farm) to host differ-
ent agricultural crops, and hence, the FCUs are distributed
accordingly to sets of 15 and 10 units, respectively. Also, it
shows the piping network as well as the temperature-based
control valves that are employed to control the temperature
on the heat pumps and the storage tank. For example, when
the heat pumps produce hot water (over 50°C) and it is cir-
culated between the water storage tank and the heat pump,
the temperature control valve will open to control the water
temperature by increasing the amount of the cold return
water. The energy system is designed to have 5 heat pumps
and a wood pellet boiler, and their specifications, as provided
by the suppliers, are presented in Table 1.

The combined system has been modelled in Aspen Plus
and MATLAB. Aspen Plus is a Fortran-based process
modelling software package that has been extensively
deployed to model various processes, including energy sys-
tems. It has an inclusive database of chemical, thermal, and
physical properties of several compounds and holds a library
of commonly used operation blocks. The developed model
will inform and dictate the farm’s operational strategies.

3. Model Development and Methods

3.1. Process Modelling Approach. For the solar PV panels, the
hourly based simulation of the power generation from the
PV module can be obtained by the following equation
[25–27]:

PPV tð Þ = PSTC
Gh tð Þ
GSTC

1 +
α

100
Tc tð Þ − Ta tð Þð Þ

� �� �
F loss, ð1Þ

where PSTC (W) is the module maximum power at standard
test conditions, Gh and GSTC (W/m2) are the hourly global
solar radiation and the solar radiation at the test conditions,
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and α (%/°C) is the temperature coefficient. Tc and Ta (
°C)

are the cell and ambient temperatures, respectively, and
Fdiss (-) is a loss factor that accounts for the power dissipa-
tion due to dirt, wires, module mismatch, and other losses.
The site and the required weather data are acquired from a
station that is located in the city of Naju, Korea. All the
weather data can be found in the Supplementary Material
(available here). The cell temperature Tc (°C) is obtained
from the following expression [25, 28]:

Tc tð Þ = Ta tð Þ + NOCT − 20
0:8

� �
Gh tð Þ
GSTC

, ð2Þ

where NOCT (°C) is the nominal operating cell temperature
and Ta (°C) is the ambient temperature. The specifications
of the adopted PV panels are shown in Table 2.

The power produced from the PV array is utilized to
operate the heat pumps, which are simulated along with
the wood pellet boiler in Aspen Plus. The five heat pumps
are simulated as a single heat pump with the overall cooling

capacity of 325 kWth. In the heat pump cycle, the R410a
refrigerant is utilized as the working fluid and is defined in
Aspen Plus by its composition, which is a mixture of 50%
difluoromethane (R-32) and 50% pentafluoroethane (R125)
[30]. Also, since the wood pellets are not of unique chemical
compound, it is defined in the software as a nonconventional
solid component. Later in the process, it is recognized by the
solver when decomposed into the conventional compounds
of the ultimate analysis (i.e., C, H2, O2, N2, and S) [31]. Fur-
thermore, depending on this analysis, along with the proxi-
mate analysis, the properties of nonconventional materials
comprising the biomass and ash are defined, where DCOA-
LIGT and HCOALGEN are models that have been used to
determine the density and enthalpy, respectively. The differ-
ent properties of the working fluids in Aspen Plus can be
determined based on the selected property method. In this
model, a combination of the selected methods, including
REFPROP, Peng-Robinson with the Boston-Mathias alpha
function (PR-BM), and STEAM-TA, is utilized to estimate
the properties of the refrigerant, air and chemical com-
pounds, and water, respectively.

PV (site 1)

Smart farm
Smart farm

PV (site 2)

PV (site 3)

Control center

5 Heat pumps

Storage tanks

(a)

(b) (c) (d)

Figure 1: Schematic of the smart farm: (a) drawing, (b) image of the actual farm, (c) paprika and tomato, and (d) apple and mango.

4 International Journal of Energy Research



Figure 3 shows the process flow diagram of the energy
system during the winter mode, which consists of the heat
pump, the storage tank, the wood pellet boiler, and the
FCUs. In this system configuration, the air-source heat
pump works on the vapor compression cycle, and it is uti-
lized to heat the water that is circulated to the storage tank.
The refrigerant of the heat pump is compressed in the com-
pressor with a pressure ratio of 3.5, where the expansion
pressure is 6.5 bar, and this is within the typical operation
ranges of the refrigeration cycle [32, 33]. In addition, the
isentropic and mechanical efficiencies of the compression
work are 75% and 95%, respectively. The specifications of
the evaporator and condenser heat exchangers are a vapor
fraction of 1 and a subcooling with 3 degrees, respectively.
Accordingly, the heat pump cycle with respect to the satura-
tion lines of the refrigerant is plotted on the P-h diagram as
shown in Figure 4. For the summer mode, another Aspen file
is created in which the two heat exchangers of the heat pump
are exchanged, such that the circulating water of the storage
tank is connected to the evaporator instead of the condenser.

The sizing of the system is based on the total cooling
capacity of the heat pumps as mentioned in Table 1, which
is 325 kWth for the evaporator, and therefore, the flow rate
of the refrigerant is determined to be 7250 kg/h. Based on
this capacity and with the assistance of the utility tool in

Aspen Plus, the corresponding flow rates of the air over
the evaporator and the water through the condenser are
44.44 kg/s and 5.5 kg/s, respectively. The water is imple-
mented to extract heat from the condenser of the heat pump
in winter and to reject the heat to the evaporator in the sum-
mer mode. Here, a thermal storage tank has been incorpo-
rated into the design to store the energy of the heated or
the cooled water, and it is modelled as a crossflow heat
exchanger. The heat exchanger is pinched to 5°C at the cold
side. This storage tank, in return, heats up or cools down
another water stream that circulates to the FCUs in the win-
ter and summer, respectively.

The COP of the heat pump is evaluated as the ratio
between the amount of heat transferred to the water in the
condenser (wintertime) or from the water in the evaporator
(summertime) _Qwater (W) and the compressor power _Wcomp
(W), namely,

COPHP =
_Qwater
_Wcomp

: ð3Þ

This compressor work is provided by the solar PV array
in both the cases of heating and cooling; however, this
energy source is not available all day, and this is where the

Solar
loops

Water storage
tank

: Smart farm inlet
(water circulation)
: Smart farm outlet
(water circulation)
: ambient air flow

Heat pump

Pellet boiler

Ambient
air

Vent

Ambient
air

Vent

1

8

10 11

7

9
6

Header - input

1st Smart farm

2nd Smart farm

Cooling/heating
air

Cooling/heating
air

4

5

Header - output

FCU
N = 15

FCU
N = 10

⁎Temperature-controlled valve.

3

pump
Emergency

supply
Emergency

return

⁎

⁎2

Figure 2: The layout of the smart farm energy system.
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role of the wood pellet-fired boiler augments the reliability of
the system. Furthermore, the boiler is also ready to engage
into the system when the ambient air temperature is too
low during the wintertime. The wood pellet boiler is simu-
lated firstly as a complete combustion of the pellets by fol-
lowing the equilibrium modelling approach. Secondly, the
hot flue gas from the combustor is to be directed to a heat
exchanger to boil the water for heating. It is worth noting
that the wood pellet is defined as a nonconventional compo-
nent and, therefore, its heat of combustion is to be defined in
Aspen Plus as a pure component parameter. The heating
value and the ultimate and proximate analyses, as received
from a local supplier in the farm, are reported in Table 3.

The simulation procedure of the biomass combustion
starts with the decomposition of the biomass in a RYield

reactor (DECOMP) to its conventional components, i.e.,
carbon, H2, N2, O2, S, and H2O, in addition to the ash frac-
tion. This yield is worked out through a Fortran calculator to
preserve the mass balance between the biomass and the
yielded components. The ash content is to be separated from
the main material stream before the combustor, where the
combustion reactions take place following the equilibrium
approach in the modelling. This equilibrium condition is
achieved by attaining the minimum Gibbs free energy in
the RGibbs reactor (BURN), where the combustible compo-
nents along with the air are introduced. The amount of air
that is required to completely burn the fuel is estimated
based on the stoichiometric air to fuel mass ratio ðA/f Þstoich
which can be calculated as follows [34]:

A
f

� �
stoich

=
1:293
0:21

1:866
C
100

+ 5:55
H
100

+ 0:7
H
100

− 0:7
O
100

� �
,

ð4Þ

where the values of C, H, S, and O are the dry ash-free mass
fractions of the biomass and can be obtained from the ulti-
mate analysis in Table 3. It is considered that the air is intro-
duced with an excess ratio of 1.8, which is within the
applicable range of boilers [35, 36], and it is calculated in a
calculator block (AFR-BURN). Thus, the mass flow rate of
the air, in accordance with the mass flow rate of the wood
pellets, is estimated and applied to the air stream flow. For
the heat integration between the decomposition and com-
bustion of biomass, a heat stream (Q-DECOMP) is con-
nected between the RYield reactor (DECOMP) and the
RGibbs reactor (BURN). The heating capacity of the boiler
is 454 kW with an efficiency of 82.5%, and the wood feeding
rate is 106.5 kg/h. The flue gas is sent to a common separator
to remove the ash stream, and then, it is directed to the
boiler heat exchanger (BOILER). The specification of this
heat exchanger is that the exit temperature of the flue gas
is 150°C and hence the boiling water is fed by a flow rate
of 0.1416 kg/s to produce saturated water vapor.

It is important to point out that the storage tank is set up
to serve the heat pumps and hence it is connected to the
water circuit that exchanges the heat with the heat pump
as can be seen in Figure 3. Since the heat pump is the main
component for the cooling and heating operation, the stor-
age tank is not connected to the wood pellet boiler, which
operates with a stable and consistent performance, and it is
less dependent on the ambient condition. The storage tank
is modelled in Aspen as a crossflow heat exchanger, where
its specification is set to “Hot outlet cold inlet temperature
difference = 5 °C” for the winter mode and “Hot inlet cold
outlet temp. difference = 5 °C” for the summer mode. In
the smart farm energy system configuration, the water from
the storage tank or the boiler is provided to the FCUs, which
have been incorporated into the design to perform the sensi-
ble heating or cooling of the air that is circulated for condi-
tioning the farm. Two main Aspen Plus blocks have been
utilized to model this air-conditioning system, namely, a
fan block (FANS) with a multiplier block as the design is
to include 25 fan units and a heat exchanger (SFARM).

Table 1: Specifications of the implemented heat pump and boiler.

Heat pump specifications

Number of units 5

Evaporator capacity (each) 65 kW

Cooling power consumption (each) 20.3 kW

Heating power consumption (each) 21.5 kW

Isentropic efficiency 0.7

Mechanical efficiency 0.9

Refrigerant R410a

Minimum temperature -6°C

Maximum temperature 77°C

Ref. mass flow rate (each) 0.4 kg/s

Water flow rate—cooling (each) 3.1 kg/s

Water flow rate—heating (each) 3.33 kg/s

Air flow rate (condenser-summer) (each) 8.05 kg/s

Expansion valve pressure 6.5 bar

Biomass boiler specifications

Fuel Wood pellets

Capacity (kW) 456 kW

Fuel consumption 106.5 kg/h

Heat efficiency 82.5%

Water volume of tube 630 L

Fuel LHV 17.37MJ/kg

Table 2: Specifications of the utilized PV array [29].

Rated power (W) 665

Module efficiency (%) 21.4%

Operating current (A) 17.28A

Operating voltage (V) 38.5 V

Open circuit voltage (V) 45.6 V

Short circuit current (A) 18.51A

NOCT 42°C

Temperature coefficient (α) -0.26%/°C

Lifetime 20 y

No. of modules 600
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The fan block draws the ambient air at a flow rate of
0.444 kg/s and blows it over the hot or cold tubes containing
the flowing water from the storage tank or the boiler. Given
that the temperature of the boiler water is much higher than
the storage tank temperature in winter, the specification of
the FCUs’ heat exchanger has two configurations in order
to avoid a simulation error. When the heat pump is the
source of hot water, the specification of the heat exchanger
is set to “Hot outlet cold inlet temperature difference = 10
°C” and when the boiler is engaged, the specification is chan-

ged to “Hot/Cold outlet temperature approach = 5 °C”. The
control of this conditional specification of the heat
exchanger and any control of the variables in the combined
system are coded in MATLAB.

The operation of the model starts by importing the
weather data, which was collected over the year of 2020 on
an hourly basis. The power of the PV array is calculated,
and then, MATLAB takes control of running the Aspen files.
The control of the switch between the heat pump and the
boiler is achieved by MATLAB through the stream selector

H.P + Storage FCU

Biomass boiler

Selector

Figure 3: Process flow diagram of the system as implemented in Aspen Plus.
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Figure 4: The heat pump cycle on the P-h diagram.

Table 3: Properties of the wood pellets as received in the farm.

Proximate analysis (wt.% a.r.) Ultimate analysis (wt.%, dry ash-free basis) LHV (MJ/kg)

MC VM FC Ash C H N O S
17.37

8.10 76.46 15.07 0.37 51.23 6.02 0.11 42.63 0.01
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block “SELECTOR” by connecting the required stream,
either the one from the storage tank or the one from the
boiler as can be shown in Figure 3. A connection has been
established using the MATLAB code to operate and control
the Aspen operation through an interchangeable data bridge
between the two software platforms using the COM server
that is called “actxserver.” This server creates an automated
object linking and embedding (OLE) on the local system
using the program identifier of Aspen Plus, and this is named
“Apwn.Document.37.0” [37]. The simulation is carried out
for one year on an hourly basis, i.e., a total of 8760hrs, where
MATLAB selects the targeted Aspen file (winter or summer)
based on the ambient temperature (Tamb).

The calculation algorithm and the interaction between
Aspen Plus and MATLAB is illustrated in Figure 5. As
shown, the main condition to operate the system in the heat-
ing mode (wintertime) is when the ambient temperature is
below or equal to 18°C, while the cooling mode is operated
when the ambient temperature is above or equal to 28°C. Fol-
lowing this, the corresponding Aspen file is opened, and the
ambient temperature is set to all inlet air streams. In the heat-
ing mode of the simulation, the selection of the boiler over
the heat pump is based on two conditions, namely, when
the solar power ðPsolarÞ = 0 kW or Tamb ≤ 0°C. It is worth
mentioning that when any solar energy is available, the grid

interacts with the PV array either by covering the shortage
of power or receiving the surplus energy produced.

3.2. Economic Analysis. An economic assessment is carried
out based on the simulation data, which, in principle, can
be achieved by calculating the economic indicators, such as
the levelized cost of energy (LCOE), the annualized total
cost, or the net present cost of the system. In this study,
the LCOE, which is the unit cost of energy supplied to the
system over its life cycle, has been deployed as the eco-
nomic indicator to present the viability of the plant over
its entire life. It is the ratio of the net present cost (NPC)
of energy to the total energy demand (E) and is calculated
as follows [38]:

LCOE =
NPC

∑t=8760
t=1 E tð Þ

: ð5Þ

The NPC comprises the annualized value of the capital
expenditures (ACAPEX) and the annual operation expendi-
tures (OPEX); the latter consists of the maintenance and
variable costs. This can be expressed as follows:

NPC = ACAPEX +OPEX: ð6Þ

Start

Load weather data &
calculate PPV

Check Tamb ≤ 18°C?

Is Tamb ≥ 28°C?

Skip, Tfarm = Tamb

Yes

Yes

Yes

No

No

Heat pump operation,
SFARM: DELT-HOT

Boiler operation,
SFARM: MIN-OUT-TAPP

Run simulation

Save data and calculate Pgrid = PPV – (Pcomp+Pfan)
when t = 8760 hrs, save and end

No

Open summer file in Aspen
Open winter file in Aspen &

set Tamb to all air streams

Is Tamb ≥ 0°C ||
(Psolar = 0 && Tamb ≤ 15°C)?

Figure 5: Flow chart of the calculation algorithm.
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CAPEX is the equipment cost with any related installa-
tion and acquisition costs, and if distributed over the years
of operation under a certain discount rate, the value of
ACAPEX would be a one-year fraction of the total CAPEX.
However, as the name suggests, NPC considers the ACA-
PEX after being converted back to the initial time of pur-
chase. Following a discount rate of (id) and a project
lifetime of (n) years, the ACAPEX can be evaluated by mul-
tiplying the capital recovery factor (CRF) to the CAPEX as
follows [39, 40]:

ACAPEX = CAPEX ×
id × 1 + idð Þn
−1 + 1 + idð Þn

� �
: ð7Þ

For this study, the discount rate and the lifetime are
assumed to be 10% and 20 years, respectively. In order to
evaluate the capital expenditures (CAPEX), the utilization
of a bottom-up technique is followed, in which the cost
components are evaluated as fractions of the purchase cost
of the equipment (PCE) [41, 42]. This approach considers
the direct costs, such as the installation costs, as well as
the indirect costs of the system components as shown in
Table 4.

The price of a unit with specific size can be estimated in
accordance with a reported price for a given unit size in a
certain year. To consider the effect of scale on the purchase
cost, as well as the price change over time, the scaling expo-
nent correlation and the chemical engineering plant cost
index (CEPCI) are utilized, and this can be expressed in
the following form [43]:

C = C0
S
S0

� �f

×
Icurrent
Iref

� �
, ð8Þ

where C is the actual current cost of the equipment, C0 is the
unit base cost at the reference year, S and S0 are the sizes of
the actual unit and the reference unit, respectively, and f is
an empirically determined exponent. Icurrent and Iref are the
corresponding CEPCIs for the current year and the reference
year, respectively. For the year of study (2020), Irecent is 599.5
whereas Iref depends on the year of the cited cost for each
component of the system. The scaling factors for the PV

modules, FCUs, and the heat pumps are taken as 1, while
for the scaling factors for the storage tank and the boiler, a
value of 0.7 is assumed. The implemented cost estimates,
represented by the base investment cost along with the cor-
responding base year for the different components, are out-
lined in Table 5. For the OPEX, the employed fixed and
variable costs of the different equipment are presented in
Table 6.

3.3. Environmental Analysis. Another major factor to take
into account when introducing a low-carbon energy system
is the environmental impact of the hybrid system. This can
be achieved by comparing the CO2 emissions of the system
to that of a conventional heating system. Accordingly, the
CO2 emission reduction ratio (CO2ER) is presented, and it
can be evaluated from the following expression [53]:

CO2ER =
Xi
CO2

×QConv − XQ
CO2

×QCCHP − Xe
CO2

× ECCHP

Xi
CO2

×QConv
,

ð9Þ

where Xi
CO2

is the emission factor of the conventional heat-

ing system (i) and XQ
CO2

and Xe
CO2

are the emission factors
of the proposed energy system for the heat load, QCCHP,
and for the electricity consumed by the system, ECCHP,
respectively. QConv is the total heat supply when generated
by a conventional system. It should be noted that in our case,
the QCCHP refers only to the boiler heating generation as the
heating/cooling produced by the heat pump is incorporated
in the energy of the CCHP system (ECCHP).

4. Results and Discussion

4.1. Technical Assessment of the System. Figure 6 depicts the
ambient temperature, the solar irradiation, and the corre-
sponding power generated from the PV modules over one
year (8760 hours). It can be seen that the temperature fluc-
tuates between -7.5°C (in winter) and as high as 31.5°C (in
summer), while the global horizontal irradiation in this loca-
tion reaches 1018W/m2 in the summer months. Accord-
ingly, the PV system generates up to 200 kW during
winter, while in the early months of the summer, a peak gen-
eration of about 339 kW is achieved.

The system of the PV panels is connected to the grid as a
backup source of electricity and as a receiver of surplus

Table 4: CAPEX evaluation methodology [41, 42].

Cost component Factor

Direct cost (DC)

Purchase cost of equipment (PCE)

Purchase equipment installation 39% PCE

Instrumentation and control 26% PCE

Piping 31% PCE

Electrical systems 10% PCE

Indirect costs (IDC) 21.9% DC

Fixed capital investment (FCI) IDC+DC

Start-up costs (SUC) 5% FCI

Total CAPEX FCI+SUC

Table 5: Purchase cost of equipment (PCE) for the system
components.

Equipment Base cost Unit Base year f Reference

Solar PV 1700 $/kW 2018 1 [44]

Heat pump 332.04 $/kWth 2016 1 [45]

Thermal storage
tank

237.4 $/m3 2017 0.7 [46]

Pellet boiler 262.25 $/kW 2009 0.7 [47]

FCUs 1000 $/unit 2022 1 [48]
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power. The simulation results of the system show the power
consumption and how much electricity is being exchanged
between the PV panels and the grid, and this is exhibited
in Figure 7. Most of the electricity that is received from the
grid is in the low temperature period of time, while in most
of the summertime, the electricity from the PV panels is
exported to the grid. The total annual electricity consump-

tion by the farm is 367.16MWh. The solar panels provide
234.12MWh in real-time operation while the remaining
133.04MWh is covered by the grid. However, when consid-
ering the annual accumulated electricity generation from PV
arrays, the system exports 332.62MWh to the grid, and
hence, the energy system is a net exporter of electricity with
199.58MWh.

Table 6: OPEX estimation methodology for the system components.

Cost component Annual fixed O&M Variable O&M Unit Reference

Solar PV 11.3 — $/kW [49]

Heat pump
16.96 $/kWth [49]

0.565 $/MWhth
Thermal storage tank 3% of the component PCE — [50]

Pellet boiler 5% of the component PCE 37.3 $/MWh [51]

Wood pellets — 74 $/tonne [51]

Surplus electricity — 0.098 $/kWh [52]
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Figure 6: The ambient temperature (a), the solar irradiation (b), and the PV power generation (c) across one year at the smart farm location.
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The generated power from the solar arrays, backed by
the grid, is directed to run the heat pump as the primary
option to meet the demand of the smart farm. The COP of
the heat pump is estimated at about 4 for the heating mode
and at about 3 for the cooling mode as shown in Figure 8.
The heat pump is running at a constant COP value in both
the heating and cooling modes, and this is because of the
assumed fixed pressure ratio and the fixed design specifica-
tions of the two heat exchangers (evaporator and condenser)
as discussed in Section 3.1. Nevertheless, Figure 8 shows that
in winter, at the relatively intense cold temperatures (<4°C),
the COP expectedly drops down to approximately 3.4 as
there is not enough heat available from the air to achieve
the design specification of the evaporator, i.e., the refrigerant
vapor fraction = 1. When the ambient temperature is
between 18°C and 28°C, the heat pump is shut down, and
hence, no relevant COP values are presented in Figure 8.
The average COP over one year, also known as the seasonal
performance factor, is calculated as 3.85.

The predicted average temperature and the average heat
load of the farm over one year on a daily basis are shown in
Figure 9. It can be seen in Figure 9(a) that the temperature is,
in the vast majority of the cases, above 20°C and mostly fluc-
tuates around 24°C and these conditions are satisfactory for
the farm operation [18]. In Figure 9(b), the average farm

heat load is at the highest value in the winter period at about
220 kW when the ambient temperature is low, and this load
decreases as it moves towards the summer period. Also, it is
noticeable that for about 100 days (from about the 160th day
to about the 260th day), the heat load is negligible, and this is
because the ambient temperature is in the targeted range of
the operating temperature. In the summer, the cooling load
of the farm has been satisfied by the heat pump for limited
operational days, which are represented by the red dots in
Figure 9(b).

4.2. Economic Evaluation. Based on the operating conditions
and the simulation data, the economic evaluation of the
energy system has been carried out. Figure 10 shows how
the CAPEX is broken down between the different compo-
nents of the system. It can be seen that the PV panels and
the biomass boiler share most of the CAPEX with about
80% and with almost equal share of this amount. In addi-
tion, the heat pump is responsible for 16%, and the balance
is attributed to the FCUs and the thermal storage tank. From
a CAPEX perspective, the PV-heat pump combination is
more expensive than the biomass boiler as modes of opera-
tion for heating. Nevertheless, the purchase cost of the
equipment (PCE) or CAPEX cannot be the one and only
economic criterion of any system, but rather, the OPEX is
of the same vitality as an economic evaluating parameter.

As depicted in Figure 11, the fixed and variable costs of
the biomass boiler (i.e., the operation and maintenance cost
and the wood pellet cost, respectively) are responsible for the
majority of the expenditures by a high margin, i.e., about
68% of the total OPEX, whereas the share of both the heat
pump and the PV panels is only 25%, and hence, this com-
bination is less OPEX-intensive than the boiler. The rest of
the OPEX is 6% for the FCUs and 1% for the thermal storage
tank.

The total annual energy demand by the farm is
1075.87MWhth, which is utilized to estimate the ACAPEX
and OPEX of the energy system. Accordingly, the LCOE
has been estimated by using equation (5) at $0.218/kWh.
The estimated LCOE lies within the range of the reported
energy costs ($0.14-0.287/kWh) for greenhouses coupled to
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geothermal heat pumps in the IPCC report “Summary for
Policymakers of 2012” [54, 55]. For comparison purposes,
a grid-connected GSHP system in China for greenhouse
heating has an estimated LCOE of $0.4/kWh [13].

Further, Figure 12 depicts that the energy system is
CAPEX-intensive over the OPEX and the boiler system
(due to the biomass cost) is the major cost contributor to
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the OPEX as the PV followed by the heat pump do not need
major operation and maintenance costs. Also, it can be seen
that the surplus electricity from the PV arrays over one year
(199.58MWh) can reduce the LCOE by $0.018/kWh. This
represents a reduction by 23.1% of the net annual contribu-
tion by the PV system (i.e., $0.078/kWh).

4.3. Sensitivity Analysis. The calculation of the LCOE is
based on the applied cost for the different system compo-
nents, but this cost may have a considerable margin of
uncertainty. Hence, a sensitivity analysis can give a good
indication on the contribution of each factor into the LCOE.
Figure 13 illustrates the share of the most important cost
components that would affect the LCOE, such as the pur-

chase prices of the PV panels, the heat pump, and the boiler.
The adopted cost for the PV corresponds to commercial/
industrial scale (i.e., $1700/kW); we have assumed as lower
bound for this cost the utility-scale PV cost in Korea, i.e.,
$1300/kW [44]. A similar increase by $300/kW is assumed
as the possible higher price. For the heat pump and the
boiler PCE, a variation of ±50% is considered. Also, two
main variable costs are considered: the biomass price and
the electricity selling price. A wide range has been consid-
ered for the feedstock cost to capture the relatively high
uncertainty of wood pellet cost. Similarly, a wide range of
values is considered for the electricity costs. The boundaries
of change for each investigated cost component are shown in
Table 7.
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As shown in Figure 13 and due to the relatively high
boiler purchase cost, the change in its price leads to a notice-
able variation in the LCOE of around ±20.8%. The variation
in the investment cost of the PV panels and the heat pump
results in the LCOE to vary within ±6% and ±7.2%, respec-
tively. Further, it can be observed that the LCOE is highly
sensitive to biomass cost, and for the extreme case of $310/
tonne of wood pellets, the LCOE increases to $0.273/kWh
(an increase of 25.2%). Hence, the establishment of a long-
standing biomass procurement deal with determined quanti-
ties and charges should be chased with an agricultural or
forest management company. This highlights the impor-
tance of establishing the long-term supply of biomass at a
fixed price. In addition, the electricity selling price to the grid
can contribute to the reduction of the energy price down to
$0.2/kWh, and this can be achieved as the electricity
exported may be eligible to receive renewable energy tariffs.
It can be noticed that the LCOE is more sensitive to the
boiler costs, and hence, the combination of the PV panels
with the heat pump should have the priority over the boiler
to operate when the solar energy is available.

4.4. Carbon Footprint. In order to study the carbon footprint
of the smart farm energy system in comparison to other con-
ventional systems, the emission factors for the different heat-
ing technologies are tabulated in Table 8. The emission
factors of the PV array (0.0826 kgCO2-eq/kWh) and the grid
electricity in Korea (0.666 kgCO2-eq/kWh) are taken from
the SimaPro software, while for the boilers, the emission fac-
tors have been taken from relevant literatures. In this study,
it is assumed that the conventional electric-based heating is
to run a heat pump with the same COP as that of the smart
farm’s heat pump in order to satisfy the total energy demand
of the farm. Also, as discussed in Section 4.1, the majority of
the energy demand is for heating, and therefore, the other
conventional energy systems are different types of boilers
with the cooling load neglected. This means that the pro-
posed new energy system can achieve even higher CO2
reductions, and this is very important. The calculated emis-
sion factor of the proposed system is 0.056 kgCO2-eq/kWh.

This is much less than the hybrid system that has been
investigated for another Korean smart farm with a wood pel-
let boiler and a grid electricity-based hydrothermal heat
pump, i.e., 0.424 kgCO2-eq/kWh [24]. This highlights the
sustainability gains of our proposed design and the necessity
to design systems with low reliance on the grid. Also, it can
be seen that the proposed smart farm can achieve a signifi-
cant emission reduction of between 85.42% and 88.94%
when replacing a grid-connected heat pump or fossil fuel-
based heating boilers. The achieved emission reduction is
higher than the value that has been reported by Zhou et al.
[14], which was 35.5%. This value was attained when using
a GSHP connected with a fuel oil heater in a hybrid system
as a compared to the oil heater only. This shows the signifi-
cant environmental benefits of employing the pellet boiler
and the solar PV panels, as in the current study.

Compared to the wood chip boiler, the hybrid energy
system has higher emission factor; however, the smart farm
still reports a small CO2ER because of the heat pump COP
being high enough (seasonal performance factor of 3.85).
This implies that the overall amount of energy needed, to
achieve the same heating load, is less than the boiler. How-
ever, when compared to the wood pellet boiler, the smart
farm emits more CO2. It should be noted that the green-
house energy system is a net exporter of electricity, and this
has not been considered in the current carbon footprint
analysis. Therefore, the net emission of the smart farm could
have been reduced even further if we were to consider that
the green-exported electricity displaces grid electricity.

Figure 14 illustrates the amount of the CO2 emission that
is being released from the smart farm in comparison to the
fossil fuel-based heating, biomass-based heating, and
electricity-based heating. The smart farm emits only
60.2 tCO2/y, while the emissions from the fossil fuel-based
heating systems can go up to 544.5 tCO2/y. In comparison
to the biomass-based heating boilers, the green energy sys-
tem is still comparable, and even the smart farm energy sys-
tem runs more hours for cooling. Since the smart farm
energy system is a combination of a wood pellet boiler and
PV panels, the carbon footprint of the smart farm is slightly

Table 8: The emission factors for different heating sources and the corresponding emission reduction.

Emission factors Smart farm
Electricity

(Korean grid)
NG
boiler

Oil
boiler

Gas
boiler

LPG
boiler

Wood chip
boiler

Wood pellet
boiler

kgCO2-eq/kWh [56, 57] 0.056 (calculated) 0.666 0.22 0.27 0.235 0.273 0.0312 0.0244

CO2ER (%) — 85.42 86.28 88.82 87.15 88.94 3.36 -23.9∗

∗The minus symbol means that the proposed system emits more than the conventional.

Table 7: Proposed boundaries of change for the sensitivity analysis.

Parameter Lower price Nominal price Higher price Unit

PV investment cost 1400 1700 2000 $/kW

Electricity selling price 0.05 0.098 0.2 $/kWh

Heat pump PCE 166 332.04 498 $/kW

Boiler PCE 655.6 1311.3 1967 k$/5MWth

Biomass price 50 74 310 $/tonne
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higher than the single wood pellet boiler by 11.62 tCO2/y.
This is because of the relatively higher emission factor of
the PV array.

5. Conclusion

This study presents a techno-enviroeconomic investigation
of a decentralized renewable CCHP system for a smart farm
located in South Korea. This energy system comprises solar
PV panels, ASHP, and a wood pellet boiler in a hybrid con-
figuration for greenhouse farm application. A novel dynamic
modelling approach has been developed and applied to sim-
ulate the operation of the energy system on an hourly basis.
The model implements an interchangeable operation of the
PV-heat pump and the wood pellet boiler. The major and
important outcomes of this study are as follows:

(i) The synchronized operation of the hybrid energy
system model has provided reliable dynamic oper-
ation to maintain the energy demand of the farm
with any surplus electricity being exported to the
grid

(ii) Technically, the hybrid energy system has achieved
an average daily temperature in the farm around
23.9°C and fluctuates with a standard deviation
value of 2.16°C, while the seasonal performance
factor of the heat pump is estimated at 3.85 over
one year

(iii) By utilizing the technical thermodynamic data, the
LCOE is estimated at $0.218/kWh, and the total
annual energy demand of the farm is
1075.87MWhth. This implies that the system with-
out subsidies cannot compete with conventional
energy systems

(iv) The priority for prime energy is given to the PV-
heat pump combination over the wood pellet
boiler due to the higher energy efficiencies

(v) For the given economic assumptions, as the energy
dependency moves from the PV to the boiler, the
higher the cost of energy becomes, and this is
attributed to the high running costs of the boiler

(vi) It is worth noting that the PV panels help in reduc-
ing the LCOE by $0.018/kWh through exporting
the surplus electricity to the grid over the year

(vii) From an environmental perspective, the carbon
footprint of the greenhouse energy system is signif-
icantly lower than the conventional heating sys-
tems, such that the achieved CO2ER varies
between 85.42% and 88.94% when compared to
the electric-based or fossil fuel-based heating
systems

(viii) The quantity of CO2 that could be emitted by the
greenhouse energy system is 60.2 tCO2/y, which is
equivalent to an emission factor of 0.056 kgCO2-
eq/kWh

The current study presents reliable design and assess-
ments that can provide meaningful insights for the transi-
tion of the farming sector to renewable decentralized
energy solutions. The resilience of such hybrid energy sys-
tems can be increased by including waste to energy technol-
ogies, such as gasification and biomethanation along with
different energy storage technologies.
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Figure 14: Quantitative comparison of the CO2 emission between the green system and other separate heating systems.
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diss: Dissipation
d.a.f: Dry ash free
e: Electricity
ER: Equivalence ratio
FCUs: Fan coil units
FC: Fixed carbon
gen: Generation
GHG: Greenhouse gas
Q: Heat
LPG: Liquefied petroleum gas
l: Load
LHV: Lower heating value
RGibbs: Minimum Gibbs free energy reactor
MC: Moisture content
NPC: Net present cost
NOCT: Normal operating cell temperature
OLE: Object linking and embedding
O&M: Operation and maintenance
PV: Photovoltaic
PCE: Purchase cost of equipment
ref: Reference
STC: Standard test condition
stoich: Stoichiometric
VM: Volatile matter
wt.%: Weight percent
C: Cost ($)
F: Power loss (W)
G: Solar irradiance (W/m2)
_m: Mass flow rate (kg/h)
n: Component life (year)
P: Power (W)
T : Temperature (K)
To: Reference temperature (K)
V : Voltage (V)
α: Temperature coefficient (%/°C)
X: Emission factor (kgCO2/kWh)
I: Scale index (-).
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